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Friday, March 15, 1878. 

The Duke of Northumberland, D.C.L. President, in the Chair. 

The Lord Eayleigh, M.A, F.R.S. M.E.L 

The Explanation of certain Acoristical Phenomena, 

Musical sounds have their origin in the vibrations of material systems. 
In many cases, c. g. the pianoforte, the vibrations are free, and are 
then i:ieccsfciirily of short duration. In other cases, e. g. organ pipes 
and instruments of the violin class, the vibrations are maintained, 
which can only happen when the vibrating body is in connection with 
a source of energy, capable of compensating the loss caused by friction 
and generation of aerial waves. The tlieory of free vibrations is 
tolerably complete, but the explanations hitherto given of maintained 
vibrations are generally inadequate, and in most cases altogether 
illusory. 

In consequence of its connection w'ith a source of energy, a 
vibrating body is subject to certain forces, whose nature and effects 
are to bo estimated. These forces are divisible into two groups. 
The first group operate upon the periodic time of the vibration, i. e. 
upon the pitch of the resulting note, and their effect may be in either 
direction. The second group of forces <lo not alter ttM pitch, but 
either encourage or discourage the vibration. In the first case only 
can the vibration bo maintained ; so that for the explanation of any 
maintained vibration, it is necessary to examine the character of the 
second group of forces suflicieiitly to discover whether their effect is 
favouralde or unfavourable. In illustration of these remarks, the 
simple case of a common pendulum was considered. The effect of a 
small peri(Mlic horizontal impulse is in general both to alter the 
periodic time and the amplitude of vibration. If the impulse (sup- 
posed to be always in the same direction) acts when the pendulum 
passes through its lowest position, the force belongs to the second group. 
It leaves the periodic time unaltered, and encourages or discourages 
the vibration according as the direction the pendulum s motion is 
the same or the opposite of that of the impulse. If, on the other 
hand, the impulse acts when the pendulum is at one or other of the 
limits of its swing, the effect is solely on the periodic time, and the 
vibration is neither encouraged nor discouraged. In order to en- 
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courage, i. e. practically in order to maintain a vibration, it is neces- 
sary that the forces should not depend solely upon the position of the 
vibrating body. Thus, in the case of the pendulum, if a small im- 
pulse in a given direction acts upon it every time that it passes 
through its lowest position, the vibration is not maintained, the ad- 
vantage gained as the pendulum makes a passage in the same direction 
as that in which the impulse acts being exactly neutralized on the 
return passage, when the motion is in the opposite direction. 

As an example of the application of these principles the mainte- 
nance of an electric tuning fork was discussed. If the magnetic 
forces depended only upon the position of the fork, the vibration 
could not be maintained. It appears therefore that the explanations 
usually given do not touch the real point at all. The fact that the 
vibrations are maintained is a proof that tlic forces do not depend 
solely upon the position of the fork. The causes of deviation are 
two — the self-induction of the electric currents, and the adhesion of 
the mercury to the wire whose motion makes and breaks tlie contact. 
On both accounts the magnetic forces are more powerful in the latter 
than in the earlier part of the contact, although the position of the 
fork is the stime ; and it is on this difference that the 2>osBibility of 
maintenance depends. Of course the arrangement must be such that 
the retardation of force encourages the vibration, and the arrangement 
which in fact encourages the vibration would have had the opposite 
effect, if the nature of electric currents had been such that they wero 
more powerful during the earlier than during the later stages of a 
contact. 

In order to bring the subject within the limits of a lecture, one 
class of maintained vibrations was selected for discussion, that, 
namely, of which* heat is the motive power. The best understood 
example of this kind of maintenance is that afforded by Trevelyan’s 
bars, or rockers. A heated brass or copper bar, so shaped as to rock 
readily from one point of support to another, is laid upon a cold 
block of lead. The communication of heat through the point of 
support expands the lead lying immediately below in such a manner 
that the rocker receives a small impulse. During the interruption of 
the contact the communicated heat has time to disperse itself in some 
degree into the mass of lead, and it is not difficult to see that the im- 
pulse is of a kind to encourage the motion. But the most interesting 
vibrations of this class are those in which the vibrating body consists 
of a mass of air more or less completely confined. 

If heat be periodically communicated to, and abstracted from, a 
mass of air vibrating (for example) in a cylinder bounded by a piston, 
the effect produced will depend upon the phase of the vibration at 
which the transfer of heat takes place. If heat be given to the air 
at the moment of greatest condensation, or taken from it at the 
moment of greatest rarefaction, the vibration is encouraged. On the 
other hand, if heat be given at the moment of greatest rarefaction, or 
abstracted at the moment of greatest condensation, the vibi^ation is 
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discouraged. The latter effect takes place of itself, when the rapidity 
of alternation is neither very great nor very small, in consequence of 
radiation ; for when air is condensed it becomes hotter, and commu- 
nicates heat to surrounding bodies. The two extreme cases arc 
exceptional, though for different reasons. In the first, which corre- 
sponds to the suppositions of Laplace’s theory of the propagation of 
sound, there is not sufficient time for a sensible transfer to bo effected. 
In the second, the temperature remains nearly constant, and the loss 
of heat occurs during the process of condensation, and not when the 
condensation is effected. This case corresponds to Newton’s theory 
of the velocity of sound. When the transfer of heat takes place at the 
moments of greatest condensation or of greatest rarefaction, the pitch 
is not affected. 

If the air bo at its normal density at the moment when the transfer 
of heat takes place, the vibration is neither encouraged nor discouraged, 
but the pitch is altered. Thus the pitch is raised, if heat be com- 
municated to the air a quarter period before the phase of greatest con- 
densation, and the pitch is lowered if the heat be communicated 
a quarter period after the phase of greatest condensation. 

In go'uMal both kinds of effects are produced by a periodic 
transfer of heat. The pitch is altered, and the vibrations are 
either encouraged f)r discouraged. But there is no effect of the 
second kind if the air concerned be at a loop, i. e. a place where the 
density does not vary, nor if the communication of heat be the same 
at any stage of rarefaction, as in the corresponding stage of con- 
densation. 

The first example of aerial vibrations maintained by heat was 
found in a phenomenon which has often been observed by glass- 
blowers, and was made the subject of a systematic investigation by Dr. 
Sondhauss. When a bulb about three-quarters of an inch in diameter 
is blown at the end of a somewhat narrow tube, 5 or 6 inches in length, 
a sound is sometimes heard proceeding from the heated glass. It was 
proved by Sondhauss that a vibration of the glass itself icH no essential 
part of the phenomenon, and the same observer was very successful in 
discovering the connection between the pitch of th^'' note and the 
dimensions of the apparatus. But no explanation (w'orthy of the 
name) of the production of sound has been given. 

For the sake of simplicity, a simple tube, hot at the closed end 
and getting gradually cooler towards the open end, was first con- 
sidered. At a (juarter of a period before the phase of greatest con- 
densation (which occurs almost simultaneously at all parts of the 
column) the air is moving inwards, i. o. towards the closed end, and 
therefore is passing from colder to hotter parts of the tube ; but the 
heat received at this moment (of normal density) has no effect either in 
encouraging or discouraging the vibration. The same would bo true 
of the entire operation of the heat, if the adjustment of temperature 
were instantaneous, so that there was never any sensible difference 
between the temperatures of the air and of the neighbouring parts of 
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the tube. But in fact the adjustment of temperature takes time^ and 
thus the temperature of the air deviates from that of the neighbouring 
parts of the tube, inclining towards the temperature of that part 
of the tube from which the air has just come. From this it follows 
that at the phase of greatest condensation heat is received by the air, 
and at the phase of greatest rarefaction is given up from it, and thus 
there is a tendency to maintain the vibrations. It must not be 
forgotten, however, that apart from transfer of heat altogether, the 
condensed air is hotter than the rarefied air, and that in order that 
the whole effect of heat may be on the side of encouragement, it is 
necessary that previous to condensation the air should pass not merely 
towards a hotter part of the tube, but towards a part of the tul^ 
which is hotter than the air will be when it arrives there. On this 
account a great range of temperature is necessary for the maintenance 
of vibration, and even with a groat range the influence of the transfer 
of heat is necessarily unfavourable at the closed end, where the 
motion is very small. This is probably the reason of the advantage 
of a bulb. It is obvious that if the open end of the tube wore heated, 
the effect of the transfer of heat would bo even more unfavourable 
than in the case of a temperature uniform throughout. 

The sounds emitted by a jet of hydrogen, burning in an open tube, 
were noticed soon after the discovery of the gas, and have been the 
subject of several elaborate inquiries. The fact that the notes are 
substantially the same as those which may be elicited from the tube in 
other ways, e. g. by blowing, was announced by Cliladni. Faraday 
proved that other gases were competent to take the place of hydrogen, 
though not without disadvantage. But it is to Somlhauss that we 
owe the most detailed examination of the circumstances under which 
the sound is produced. His experiments prove the importance of tho 
part taken by tho 'column of gas in the tube which supplies tho jet. 
For example, sound cannot bo obtained with a su]>ply tube which is 
plugged with cotton in the neighbourhood of tho jot, although no 
difference can be detected by tho eye between tho flame thus obtained 
and others which are competent to excite sound. When the supply 
tube is unobstructed, the sounds obtainable are limited as to pitch, 
often dividing themselves into detached groups. In tho intervals 
between tho groups no coaxing will induce a maintained sound, and it 
may be added that, for a part of the interval at any rate, tho influence 
of the flame is inimical, so that a vibration started by a blow is 
damped more rapidly than if tho jet were not ignited. 

Partly in consequence of the peculiar behaviour of flames and 
partly for other reasons, tho thorough explanation of these phenomena 
is a matter of some difficulty ; but there can be no doubt that they 
fall under the bead of vibrations maintained by heat, the heat being 
communicated periodically to the mass of air confined in the sounding 
tube at a place where, in the course of a vibration, the pressure varies. 
Although some authors have shown an inclination to lay stress upon 
the effects of the current of air passing through tho tube, tho sounds 
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can readily be produced, not only wLon there is no through draught, 
but even ^hen the flame is so situated that there is no sensible 
periodic motion of the air in its neighbourhood. In the course of the 
lecture a globe intended for burning phosphorus in oxygen gas was 
used as a resonator, and, when excited by a hydrogen flame well 
removed from the neck, gave a pure tone of about 95 vibrations per 
second. 

In consequence of the variable pressure within the resonator, 
tho issue of gas, and therefore the development of heat, varies during 
the vibration. The question is under what circumstances the varia- 
tion is of the kind necessary for the maintenance of tho vibra- 
tion. If we were to suppose, as wo might at first bo inclined to do, 
that the issue of gas is gieatest when the pressure in the resonator is 
least, and that the phase of greatest development of heat coincides with 
that of the greatest issue of gas, we should have the condition of 
things the most unfavourable of all to tho persistence of tho vibration. 
It is not difficult, however, to see that both suppositions are incorrect. 
In the supply tube (supposed to be unplugged, and of not too small 
bore) &^Qti()nary, or approximately stationary, vibrations are excited, 
whose phase is either the same or the opposite of that of the vibra- 
tion in tho resonator. If tho length of the supply tube from tho 
burner to the open end in tho gas-generating flask be less than a 
quarter of the wave length in hydrogen of the actual vibration, the 
greatest issue of gas precedes by a quarter period the phase of greatest 
condensation ; so that, if tho development of heat is retarded somewhat 
in comparison with tho issue of gas, a state of things exists favourable 
to the maintenance of the sound. Some such retardation is inevitable, 
because a jet of inflammable gas can burn only at the outside ; but in 
many cases a still more potent cause may be found, in tho fact that 
during the retreat of tho gas in the supply tube small quantities of 
air may enter from the interior of tho resonator, whose expulsion 
must be effected before the inflammable gas can again begin to escape. 

If the length of tho supply tube amounts to exactly one quarter 
of tho wave length, the stationary vibration within it will be of 
such a character that a node is formed at tho burner, the variable 
part of the pressure just inside the burner being the same as in 
tho interior of the resonator. Under these circumstances there is 
nothing to make tho flow of gas, or tho development of heat, variable, 
and therefore tho vibration cannot bo maintained. This particular 
case is free from some of the difficulties which attach themselves to 
the general problem, and tho conclusion is in accordance with Sond- 
hauss’ observations. 

When the supply tube is somewhat longer than a quarter of tho 
wave, tho motion of the gas is materially different from that first 
described. Instead of preceding, the greatest outward flow of gas 
follows at a quarter period interval the phase of greatest condensation, 
and thorefore if tho development of heat bo somewhat retarded, the 
whole effect is unfavourable. This state of things continues to 



b LIBRARY OF SCIENCE 

prevail, as the supply tube is lengthened, until the length of half a 
wave is reached, after which the motion again changos sign, so as to 
restore the possibility of maintenance. Although the size of the flame 
and its position in ^e tube (or neck of resonator) are not without 
influence, this sketch of the theory is sufficient to explain the fact, 
formulated by Dr. Sondhauss, that the principal element in the 
question is the length of the supply tube. 

The next example of the production of sound by heat, shown in 
the lecture, was a very interesting phenomenon discovered by Kijko. 
When a piece of fine metallic gauze, stretching across the lower port 
of a tube, open at both ends and held vertically, is heated by a gas flumo 
placed under it, a sound of considerable power, and lasting for several 
seconds, is observed almost immediately a/ler the removal of the flame. 
Differing in this respect from the case of sonorous flames, the genera- 
tion of sound was found by Rijke to be closely connected with the 
formation of a through draught, which impinges upon the heated 
gauze. In this form of the experiment the heat is soon abstracted, 
and then the sound ceases; but by keeping the gauze hot by the 
current from a powerful galvanic battery, llijko was able to obtain 
the prolongation of the sound for an indefinite period. In any case 
from the point of view of the lecture the sound is to be regarded as a 
maintained sound. 

In accordance with the general views already explained, we have 
to examine the character of the variable communication of heat from 
the gauze to the air. So far as the communication is affected directly 
by variations of pressure or density, the influence is unfavourable, 
inasmuch as the air will receive less heat from the gauzjg when its ow'n 
temperature is raised by condensation. The maintenance depends 
upon the variable transfer of heat due to the varying motiom of the 
air through the gauze, this motion being compounded of a uniform 
motion upwards with a motion, alternately upwards and downwards, 
due to the vibration. In the lower half of the tube these motions 
conspire a quarter perio<l before the phase of greatest condensation, and 
oppose one another a quarter period after that phase. The rate of 
transfer of heat will depend mainly upon the temperature of the air 
in contact with the gauze, being greatest when that temperature is 
lowest. Perhaps the easiest way to trace the mode of action is to 
begin with the case of a simple vibration without a steady current. 
Under these circumstances the whole of the air which comes in contact 
with the metal, in the course of a complete period, becomes heated ; and 
after this state of things is established, there is comparatively littlo 
further transfer of heat. The effect of superposing a small steady 
upwards current is now easily recognized. At the limit of t^ie inwards 
motion, i. e. at the phase of greatest condensation, a small quantity of 
air comes into contact with the metal, which has not done so before, 
and is accordingly cool ; and the heat communicated to this quantity 
of air acts in the most favourable manner for the maintenaticc of tho 
vibration. 
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A quito different result ensues if the gauze be placed in the upper 
half of the tube. In this case the fresh air will come into the field 
at the moment of greatest rarefaction, when the communication of 
heat has an unfavourable instead of a favourable effect. The principal 
note of the tube therefore cannot be sounded. 

A complementary phenomenon discovered by Bosscha and Biess 
may be explained upon the same principles. If a current of hot air 
impinge upon cold gauze, sound is produced ; but in order to obtain 
the principal note of the tube the gauze must be in the upper, and not 
as before in the lower, half of the tu])e. An experiment due to Biess 
was shown in which tlie sound is maintained indefinitely. The upper 
part of a brass tube is kept cool by water contained in a tin vessel, 
through the bottom of which the tube passes. In this way the gauze 
remains comparatively cool, although exposed to the heat of a gas 
flame situated an inch or two below it. The experiment sometimes 
succeeds better when the draught is checked by a plate of w’ood placed 
somewhat closely over the top of the tube. 

Both in Bijko’s and Biess* experiments the variable transfer of 
heat (lcj(*>.iid8 upon the motion of vibration, while the effect of the 
transfer depends upon the variation of pressure. The gauze must 
therefore bo placed where both effects arc sensible, i, e. neither near a 
node nor near a loop. About a quarter of the length of the tube, from 
the lower or upper end, as the case may be, appears to be the most 
favourable position. 

[Baylbigh.] 



Friday, March 29, 1878. 

Warren db La Eue, Esq. M.A. D.C.L. F.K.S. Vice-President, 
in the Chair. 

Professor James Dewar, M.A. F.R.S, 

Experiments in, Electro^Photometry. 

(^Abstract.) 

Edmund Becquerel, in the year 1839, opened up a now field of 
chemical research through the discovery that electric currents may 
bo developed during the production of chemical in tor-actions excited 
by solar agency. 

Hunt, in the year 1840, repeated, with many modifications, Bec- 
querel s experiments, and confirmed his results. 

Grove, in 1858, examined the influence of light on the polarized 
electrode, and concluded that the effect of light was simply an 
augmentation of the chemical action taking place at the surface of 
the electrodes. 

Becquerel, in his welMmown work, ‘ La Lumiore/ published in 
1868, gives details regarding the construction of an electro-chemical 
actinometer formed by coating plates of silver with a thin film of the 
sub-chloride, and subsequent heating for many hours to a temperature 
of 150° C. 

Egeroflf, in 1877, suggested the use of a double apparatus of Bec- 
querePs form, acting as a differential combination, the plates of silver 
being coated with iodide instead of chloride. 

The modifications of the halogen salts of silver when subjected to 
the action of light have up to the present time been used most suc- 
cessfully in the production of electric currents, and although mixtures 
of photographically sensitive salts have been shown by Smoe to 
produce currents of a similar kind, yet no attempt has been made 
to examine the proper form of instrument required for the general 
investigation 6f the electrical actions induced by light on fluid sub- 
stances. 

This subject has occupied my attention for some time, and when the 
investigation is completed I shall deal with the results in greater 
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detail. In tlio meantimo tlio following description will give an idea 
of the method of investigation. 

A little consideration shows that the amount of current produced 
by a definite intensity and quality of light acting during a short 
period of time on a given sensitive substance in solution, is primarily 
a function of tlie nature, form, and position of the poles in the cell 
relatively to the direction in which the light enters, and the selective 
absorption, concentration, and conductivity of the fluid. 

The difliisivo action taking place in sucli colls complicates the 
Gflccts and is especially intricate when insoluble substances are 
formed. In order to simplify the investigation in the first instance, 
poles that are not chemically acted upon, and a sensitive substance 
yielding only soluble products on the action of light, were employed. 
For this purpose platinum poles and chlorous acid or peroxide of 
cbb)rine were seh'cted. 

The best form of cedi had one of the poles made of fine platinum 
Avire fix(‘d as closely as possible to tlui inner suiface where the liglit 
enters, the other pole being made of thicker wire placed deeper in the 
fluid. 

As the action is con fined to a very fine film Avhore the light enters, 
the maximum amount of current is obtained when the comjiosition of 
the fluid is modified d(‘ep enougli to isolate temporarily the front pole 
in th() modified medium. Under these conlitions the formation of 
local currents is avoided, and the maximum electromotive force 
obtained. 

In cells of this construction the amount of current is independent 
of the surface of the fluid acted upon by light, so that a mere slit, 
suffici(‘nt to (‘xpose tlie front poles, acts as efficiently as a larger sur- 
face. This jirevcnts tlie unnecesRarv exliaustion of material and enables 
the cell to bo made of very small dimensions. By means of sucli 
an aj)i>aratus the ehcmieal actions of light and their eh'ctrical rela- 
tions may be traced in many new’ directions. 

The amount and direction of the current in the case of chlorous 
acid is readily modified by the addition of certain salts and acids, and 
tluiH electrical variations may b(^ produced, resembling the effects 
observed during the action of light on the eye. 

Certain modifications taking phico in the chlorous acid by expo- 
sure to light increase its sensibility, and as a general result it is 
found that tlio fluid through these alterations increases in resistance. 
We have thus an anomalous kind of battery where the aTailablo 
elcetromotivc force increases with the resistance. The addition of 
neutral substances whicli inorease the resistance without producing 
new decompositions improves the action of the cell. 

Caro has to bo taken in these experiments to use the same apparatus 
in a scries of comparative experiments, infinitesimal differences in 
the contact of the active i)ole render it difficult to make two instru- 
ments giving exactly the same results. Cells have been constructed 
Avith two, tliree, and four polos, and their individual and combined 
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action oxaniinod. Quartz surfaces have also boon employed instead 
of glass, thus enabliug the chemical opacity of different substances to 
be determined. 

The electrical currents derived through the action of light on 
definite salts are strong in the case of ferro- and fcrri-cyanido of 
potassium, but remarkably so in the case of nitroprusside of sodiuin. 

Of organic acids the tartrate of uranium is one of the most active. 
A mixture of sclcnious acid and sulphurous acid in presence of hydro- 
chloric acid yields strong currents when subjected to light in the 
form of cell described. The list of substances that may bo proved to 
undergo chemical decomposition by the action of ligJit is very exten- 
sive ; full details will bo found in the completed paper. 

[J. D.J 



Friday, May 3, 1878. 

Profesbou E. Frankland, D.C.L. F.P.S. (fee. M.li.L in the Chair. 

W. SroTTiswooDB, Es(x. LL.D. Tr.K S. Sec.R.I. 

A Nocturne in Black and YclJoic. 

It is well known that tlio coloured bamls and rings shown by white 
light, wlicii polarised and transmitted througli crystals, fad(‘, and 
cease to be visible when tlie retardation of the rays, due to the thick- 
ness of crystal traversed, is large. The feebleness of tint and con- 
fusion of definition arises from tlic overlapping of figures of diflerent 
colours. But Avhen monochromatic light is used no mixture of colour 
can take place, and the bands and rings remain perfectly defined, even 
when tb’ thickness of tlie crystal is considerable. Tlie more com- 
plicated figures produced by two plates of crystal arc still more 
liable to obliteration ; and the use of monochromatic light is in 
this case even more important for maintaining the integrity of the 
phenomena. 

One essential requisite f(»r bringing out the figures in question is 
purity of colour in the light employed. On this iu.-count the ordinary 
metliod of absorption by coloured media fails ; and it is only by the 
use of a monochromatic source of light that a satisfactory result can 
be obtained. For eye observations, a S 2 )irit lamp, sometimes with tlio 
addition of a little salt, suffices; but the illumination from tliis source 
is insufficient for projection ou a screen. My first attempt at supply- 
ing this requisite was nnide by replacing the lime in an oxy-hydrogen 
lamp by a cylinder of carbon through wliich a hole uas bored and 
filled with chloride of sodium. This answxTcd very well as long as 
there was enough sodium in the presence of tlie jet : but it was found 
difficult to maintain a constant supply at the particular point 
required. The carbon and sodium were next reidaced by a kind of 
glass formed by molting borax, and to tins small i^ieces of hard 
German glass wore occasionally added. A bead of this substance 
was placed in a small platinum cup, so fixed that the jet of mixed 
gases could play upon it at a distance of about three-sixteenths of au 
inch. This arrangement servos perfectly for laboratory and experi- 
mental work ; but for projection on a large scale a still more 
powerful source of light is required. For a burner adapted to lecture- 
purposes I am indebted to a suggestion of Professor Deuar. The 
burner consists of an oxy-hydrogen jii, with the addition to the 
hydrogen tube of a chamber containing metallic sodium. The metal 
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hydrogen emerges charged with sodium vapour. The result is a 
bright monochromatic light. 

Let us begin our experiments with the simple case of a Babinet’s 
compensator traversed by a beam of parallel rays. This instrument 
consists of two quartz wedges, having the axis of the crystal contained 
in one of the plane faces of each ; but the axis in ono wedge is 
parallel, in the other perpendicular to the refracting edge. The 
wedges are usually made with a refracting anglo too small to show 
dispersion, but of such a thickness that the bands of colour due to 
their wedge form, shown by each singly, arc pale. When the wedges 
are placed with their edges turned in opposite directions they form 
a plate substantially of uniform thickness ; but owing to the fact that 
the axes are perpendicular to ono another, the ray which has traversed 
one wedge as the ordinary or swifter, will traverse the other as the 
extraordinary or slower ray. Hence the total retardation of the rays 
will be that duo to the difference of thickness of the ivcdgos at each 
point ; and therefore the compound plate will bo optically of thickness 
zero along a central line parallel to the edges, and of increasing 
thickness towards each side. 

If one of the wedges bo turned through a right anglo (say, to its 
second position), so that their axes aro coincident, the two will form 
a wedge whose thickness, greatest at ono anglo, diminishes diagonally, 
at a rate double of that of each wedge singly. 

If the same wedge be turned through a second right angle (say, 
to its third position), the refracting ^ges will bo coincident, and 
the axes at right angles. The whole will then form substantially a 
wedge with a refracting angle double of tliat of each. But since the 
rays will at every point have traversed an equal thicliness of each 
crystal, the one as an ordinary and the other as an extraordinary ray, 
the retardation will b(5 everywhere neutralized. 

In the first position, with white light, there will be a central band, 
dark or bright according as the polariser and analyser arc crossed or 
coincident ; and on each side first a white, or dark, band, and then 
coloured bands, whoso tints are fainter in proportion to their distance 
from the centre. With monochromatic light, the bands arc alternately 
dark and bright, and all equally well defined. In the second posi- 
tion, the bands are diagonal, and aro perfectly distinct with mono- 
chromatic light, oven when, as usual, the thickness of the wedges is 
too great to show them with white light. In the third position the 
field is uniformly dark or bright, whatever be the nature of light 
used. 

If convergent or divergent light is used, uniaxal crystals (with 
which alone we are here concerned), when cut perpondicularly to 
their axes, show the well-known systems of isocbromatic rings and 
dark brushes. When cut at other angles, they show portions of the 
same systems. But when two such plates are used in combination, 
theory indicates the presence of some secondary phenomena, which it 
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is our business now to investigate. Of these only very small portions 
are visible with white light ; but with monochromatic light the con- 
liguration may bo traced throughout the entire field of view. 

The effect of the two plates of crystal in producing secondary 
effects due to the crossing of two sets of isochroraatic curves may be 
well illustrated by Tislcy^s harmonograph. In this instrument the 
figures due to vibrations having two rectangular components of (gene- 
rally) different periods, arc approximately produced. This is effected 
by a compound pendulum ; but with the details of this ingenious 
piece of mecdianism we are not here concerned. The curves due to 
various intervals between the com|)oncnts are well known; but the 
instrument does not accurately trace out circles or ellij)ses, or any 
other re-entering curves ; for, owing to the friction, which gradually 
diminishes the amplitude of vibration, its traces are transcendental 
curves, or spirals. But on the other Jiand the friction, and the con- 
stHpient deviation of the curves from their normal form, is so small 
that tlio various turns of the spirals may be taken as representing a 
series of rings with a sufficient d(‘gree of accuracy for our present 
purpose. Two features of the harmonograph curves should bo noticed. 
First, as' acWially drawn, they are not geometrical linos, but bands of 
finite breadth; and on that account are the better suited to represent 
the intcirfTcnce rings of crystals. Secondly, the distance between 
the several convolutions of the harmonograph curves is greatest near 
the outer part of the figure and less towards the centre, wdiile in the 
crystal rings the reverse is the case; and with reference to any 
secondary figure due to the crossing of the curves or rings, this differ- 
ence must bo borne in mind. 

The curves here used as representing the rings of uuiaxal crystals 
are those produced when the two vibrations of the pendulum are in 
unison, viz. they are as nearly circular as may be, but it is difficult to 
avoid a slightly elliptic form. A idate, originally drawn by the in- 
strument, has been photographed twice ; and the two facsimiles are 
now together iirojcctod on the scrciu). The secondary figures in ques- 
tion are then seen in the portion of the fiehl comprised between the 
centres. I have selected three such pairs and fixed them with their 
centres at suitaWe distaiu'es; one of them shows ellipses; another 
parallel straight lines; tlie third hyperbolas, as secondary figures. 
If one plate be made to slide over the other, the following eftects are 
usually observed. When the centres arc near together, the crossing 
of the curves gives rise to secondary hyperbolas ; as the centres recede, 
the hyperbolas, at first rectangular, become oblique : they then col- 
lapse into straight lines parallel to the plane passing through the 
axes ; and finally they are cx)u verted into ellipses approximating more 
and more to circles as the centres recede still farther from one another. 
I have, however, found a pair of plates in which the order of the figures 
is reversed, and which consequently represent the phenomena as they 
actually occur with crystals. 
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Similar secondary figures are produced by two i)latcs of crystal 
used together, as will presently be seen. In order to examine their 
inode of formation, it will bo simplest to begin with some thick 
plates and moderately convergent light, by which means tho details 
may be brought out on a sufficiently large scale. For this purpose 1 
have three pairs of plates, cut respectively at 07"" 80', 45°, ‘22^ 30' to 
the axis. These, and more particularly tho s(‘Cond, arc used for pro- 
ducing tho well-known Savart’s bands If convc'rgent light be made to 
traverse any of these plates, some portion of the rings are produced. 
Tho proportion of the ring system contained in the lield of view 
depends upon the convergence of the rays ; and the distance of the 
centre of the rings from that of the fndd upon the inclination to tho 
axis at which tho plate is cut. In the specimous licre used the rings, 
for reasons stated in connection with Babinet’s compt nsator, are in- 
visible with white, but visible with monochromatic light. 

If a pair of these plates be used, and tho principal plane of one, 
originally coincident with that of tho other, is made to turn gradually 
through 180^ then wdth white light a series of coloured bands is pro- 
duced. The distance betwc'cn the bands increases, from a minimum 
when they are first visibh', indefinitely as the angle of turning 
approaches 180"; while tho brilliancy of their tints and accuracy 
of definition attains its maximum at fiO . With monochrom.itic light, 
when the angle ])etwccn the principal plain s of the plates is 0°, tho 
vibrations will traverse the second plate in the saiin* manner as they 
traversed the first ; and the retardation between the ordinary and tlie 
I'xtraordiiuiry rays will bo double of that due to each i)lato singly. 
The tw'o plates will thus act as a plate of double thickn(‘ss, and the 
ijumher of bands (portions of rings) visible with omi phito, will be 
doubled. When one plate is turned as Ixtbrc in front of the other, 
and the angle between their principal jdums is gradually inert'ased, 
the rings duo to one plate cross those duo to tlu' other; and the 
intensity of illumination at the overlapj^ing i)arts will dejiend ujion 
the angle at which the rings cross one another. B(‘ariug in mind the 
fact that at every point of tlie field the polarisati(ui of one ray is 
parallel, and that of the other perpendicular to tho direction of tho 
ring, it is sc(*n that when the rings cross at 90 \ the ray wdiieh 
traverstMl the first plate as an ordinaiy, will traverse tlie second ns an 
extraordinary ray ; and consecpiently the retardation due to the two 
plates together will bo the difierence of that due to each alone. The 
result will therefore be similar to that produced by the two wedges 
when their refracting edges arc at right angles ; and tho field will bo 
crossed by diagonal straight lines. 

For all other angles of crossing, including the case particularized 
above, the following will take place. Each lay which enters tho first 
plate will emerge as two rays polarised, tho one radially, tho other 
tangentially with resjiect to the rings, and with a certain retardation. 
On entering tlio second plate, the vibrations of each of these rays will 
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be again resolved radially and tangentially with respect to the rings 
duo to the second plate. Each of the now components, whether radial 
or tangential, will therefore consist of two parts, generally of different 
intensities, one of them having been retarded behind the other in 
their passage through the first plate. The two parts of each tangen- 
tially vibrating ray will partially interfere ; and so likewise will the 
two parts of each radially vibrating ray. In consequence of this 
interference, the two rays emerging from the second plate will in 
general bo of different intensities, and one of them will be retarded 
behind the other in their passage through that plate. Finally all the 
vibrations will again be resolved into one plane by the analyser ; and 
when so resolved they will in general partially interfere. This partial 
interference will cause the dark rings due to the first plate to be broken 
with patches of partial brightness, and the bright rings with patches 
of partial darkness, where the rings of one system cross those of the 
other. The general effect is in many eases that of a diaper-pattern 
over the field of view. 

The distribution of these interruptions and the nature of the 
secondary figures which they form, will depend upon the curvature 
and angle bf crossing, of the rings at each point of the field. The 
mathematical forraula3, which give the details of the illumination, 
present no difficulty beyond tediousness of calculation. And it will 
be sufficient here to say that, when carried only to a first approxima- 
tion (with respect to the angle of incidence of the rays) they indicate, 
for the secondary figures, a series of straight lines alternately dark 
and bright, known as “ Savart’s bands.” When carried to a second 
approximation the formula} indicate that in the neighbourhood of the 
ring-centres, the secondary figures will be conic sections. When the 
principal planes of tlie crystals (planes containing the axis and the 
normal to the plate) are at 180*^ to one another, the conic sections are 
central. In that case, the expression for the square of one of the 
principal axes of the curve is a cubic in the line of the angle at which 
the crystal has been cut. This expression when equated to zero 
must, by the theory of equations, have one real root ; in other words, 
it will vanish for one particular value of the angle, and be negative 
for greater values and positive for less values of the angle. If, there- 
fore, the crystals be cut at an angle to the axis smaller than the angle 
given by the cubic equation, they will, when placed with the axes 
inclined to opposite sides of the field, show hyperbolas for the 
secondary figures ; when cut at a certain angle (about 69° 60' in the 
cose of quartz), the figures will bo straight lines parallel to the lino 
joining the ring-centres ; and when cut at a greater angle, the figures 
will bo ellipses, approximating to circles as the angle of section 
approaches to 90°. 

But leaving aside the mathematieal aspect of the question, the 
principal interest of the method of monochromatic light consists in 
the simplicity of the results, and in the opportunity which it affords 
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of examining in detail all the effects due to two plates of crystal. It 
enables us in fact to follow the peculiarities of the secondary figures 
throughout the entire field of view, and to trace by a continuous 
process the modifications which these figures undergo when the 
relative positions of the crystals are changed. 

Many of these effects are l)est seen with the optical arrangement 
usually employed for showing the crystal rings. 1 have here four 
pairs of quartz plates cut respectively at 45 ^ 59° 60', 67° 30', 90°, 
to the axis ; the plates of each pair having their principal planes at 
180° to one another. The first of these shows, in the region about 
the line joining the centres of the ring systems, a scries of ellipses 
for the secondary figures ; the second shows straight lines ; the third 
oblique hyperbolas ; the fourth rectangular hyperi)ola8. With a view, 
however, of exhibiting not only these the more imi)ortant, but also all 
intermediate phases of the phenomena, I have prepared two curved 
sections of quartz, each forming nearly a quadrant, and cut at one end 
perpendicular, at the other nearly parallel to the axis. I5y placing 
these end to end, with the axes at opposite ends, and sliding one over 
the other, all the phases of the secondary figures can bo shown in 
succession. And if the point midway between the axes be kept in 
the centre of the field of view, the figures will be symmetrical ; 
otherwise unsyminetrical. beginning with the ends, which are per- 
pendicular to the axis, together in the field of view, and causing the 
quadrants to slide at the same rate in opposite directions, the secondary 
circles will bo seen elongating into ellipses, the ellipses stretching 
out until they pass into j)arallcl straiglit lines ; and lastly, these lines 
contracting towards tlid centre of the field and diverging towards tlio 
sides, until they form hyperbolas, the obliquity of which gradually 
diminishes as wc approach that part of the section which is parallel 
to the axis. 

The case of two quartz plates cut at an angle of 67° 30' to the 
axis, whereof one is free to revolve in front of the other, gives rise to 
some interesting transformations of the secondary figures. When tlie 
principal planes of the crystals arc coincident, tin* field generally 
shows rings double in number to those due to oue plate. But towards 
the side away from which the axes are directed the rays are more 
nearly paralhd, while towards the opposite side the rays are more 
nearly perpendicular to the axis. Hence, towards the first side, the 
rings will apj)roximato more nearly to circles, and towards the other 
they will show indications of becoming branches of hyperbolas. As 
the principal planes are turned round in opposite directions from 
their initial position, the secondary figures begin to appear. At 45° 
discontinuous bands with hyperbolic curvature towards tbo part of 
the field most distant from the ring centres are seen. At 90° those 
bands become continuous and sharply defined, w’hilo towards the ring- 
centres a portion of the ellipses may bo observed entering flio field. 
Beyond 90° the hyperbolic branches leave the field, and the rectilinear 
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part of tlio bands is replaced by the diaper-pattern described in a 
for^ner part of this lecture ; while the ellipses are gradually elongated 
to parallel straight lines, and then are converted into hyperbolas. At 
180° the hyperbolas occupy the centre of the field. 

Many similar experiments may bo made with biaxal crystals ; but 
it would exceed our present limits to describe them here. I will, 
therefore, confine myself to a repetition with monochromatic light 
of the well-known exj)eriment of showing the passage of mica from its 
proper biaxal form to an ai)parently uniaxal form , by crossing a 
number of films of the crystal. 

It has perhaps been abundantly shown on more than one occasion 
in this theatre, by the spectra of polarised light, that colour is in fact 
a shadow ; and that the varied tints, produced by crystals in light 
under this condition, are duo to selective shadows thrown as it were 
over the various components of a colourless beam. And the present 
method of monochromatic light aflbrds a striking illustration of the 
fact that suppression of light is a factor of all chromatic effects. But 
beside this, the method affords an opportunity of tracing, by a con- 
tinuous pr''<* i the transformations of the results duo to a continuous 
change of crystalline circumstance. Tlic experiments supply a fresh 
instance of the fact that nature does nothing per mltum ; and they 
may perhaps bo regarded as adding one more link, howev(T insignifi- 
cant, to that great chain of continuity which is gradually binding 
more closely togetber the diversified phenomena of the material 
uuivorse. 

Lastly, they remind us that the most beautiful, tbo most delicate, 
the most instructive* features of nature are dopcuident, not so much on 
abundance of material, on profusion of ornamentation, or variety of 
display, as upon sim])licity of ebaraeter, on fidelity to truth, and on 
strict but willing obodienee to law. 


[W. S.J 



Friday, May 10, 1878. 

C. William Siemens, Esq. D.C.L. F.K.S. Vice-President, 
in the Chair. 

Sir William Thomson, LL.D. F.E.S. 

The Effects of Stress on the Magnetization of Iron, Cobalt, and Nickel, 

Though, as discovered by Faraday, every substance lias a susceptibility 
for inductive magnetization, the three metals, iron, nickel, cobalt, stand 
out so prominently from among the other known chemical elements, 
that they only are commonly regarded as the magnetic metals, and tlio 
magnetism of all other substances is so feeble as to bo comparatively 
almost imperceptible. 

The magnetization of each of the three magnetic metals is greatly 
affected by mechanical stress. From the beginnings of magnetic 
science it must have been known that the magnetism of iron and steel 
is disturbed, sometimes lost or much diminished, by blows, striking 
the metal with a hammer, or letting it fall on hard ground. Gilbert, 
nearly throe hundred ye&rs ago, showed that bars of soft iron held in 
the direction of the dipping needle and struck violently by a hammer 
acquire much more magnetism, and again more reverse magnetism 
when inverted in that line, than when placed in those positions gently 
without shock of any kind. An ordinary fireside poker shows these 
effects splendidly, with no other apparatus than a little pocket-com- 
pass or a sewing needle, magnetized and slung horizontally, hanging 
by a fine silk thread. If habitually the poker rests upright the upper 
end will be found a true north pole, the lower a true south when first 
tested by the needle. Holding the poker with exceeding gentleness, 
invert it : — The end that was down, though now up, is still a true south 
pole, and repels the north end (or true south pole) of the movable 
suspended needle. A gentle tap with the hand on the poker now 
produces a surprising result. Instantly it yields to the terrestrial 
influence, and its upper end, becoming a true north pole, attracts the 
northern end of the suspended needle. Even more surprising is the 
slightness of the agitation which suffices to shake the retained mag- 
netism of a former position out of a soft iron wire, and lot it take the 
magnetization due to the position in which it is held. A supetstitious 
person would say ; — that is animal magnetism ! — when he sees an iron 
wire becoming a notably effective magnet when held vertically and 
rubbed gently from end to end between finger and thumb. 
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Changes of magnetism produced by mceluinical agitation are 
shown to a much greater degree in tliin bars tluiii in thick ones ; and 
when the diameter exceeds a quarter of the lengtli they are hardly 
sensible. Hence wlieii the “ Flinders bar ” is applied to compensate 
the error produced in a ship’s compass by elnuigc of magnetic lati- 
tude, its length ought not to be more than six or seven times its 
diameter ; and f r the same reason long iron rods or stanchions in the 
neighbourhood of a compass are very detrimental to its trustworthi- 
ness. Half a hundredweight of iron in the shape of rails or awning 
stanchions, too often to be found vi ry near a compass, are more 
dangerous than tons or hundreds of tons in the shape of heavy steam 
steering gear, or of armoured turrets in an ironclad. 

A piece of iron loft in the Royal Institution by Faraday, with a 
label in his own handwriting to the effect that it had been betv^een 
three hundred and four luindrod years fixed in a vertical position in 
the stonework of the Oxf<*rd Cathedral, having been given to liim by 
Dr. Buckland in May, 1885, was exhibited and tested. It was found 
to have its upper end a true north polo. It was inverted before the 
audience. %W’d instantly that end became a true soutli pole and the 
other a true north pole. Thus nearly four hundred years in one 
position had done nothing to fix the magneti^'in. In its inverted 
position it was hammered violently on each end by a wooden mallet : 
this increased the magnetism somewhat, but did not fix it. The bar 
was inverted again, and then, in its first position, its original upper 
end, now up again, became again a true north pole. 

The stoutness of the liar (that is to say, the greatness of the pro- 
portions of its breadth and thickness to its length) were such, that if 
of modern iron, it probably would not have behaved as it did ; but pro- 
bably also it may have been superior in “ softness ” to the ordinary 
run of modern bar iron. 

Bars of nickel and cobalt, unique and splendid specimens, for 
which the speaker was indebted to the celebrated metallurgical 
chemist, Mr. Wharton, of Philadelphia, W(T 0 exhibited, and found to 
show effects of concussion quite as do bars of iron of different 
qualities. 

An altogether new effect of stress was discovered about ten years 
ago by Villari, according to which longitudinal pull augments the 
temporary induced magnetism of soft iron bars or wires when the 
magnetizing force is less than a certain critical value ; and diminishes 
it when the magnetizing force exceeds that value ; and augments the 
residual magnetism when the magnetizing force, w'hether it has been 
great or small, has been removed. 

The speaker had measured approximately the Villari critical 
value, and found it to be about twenty-four times the vertical com- 
ponent of the terrestrial magnetic force (tu* about 10 C.G.S. units) 
The maximum effect in the way of augmentation by pull he had 
found with about six times the Glasgow vortical force. Ho had found 
for bars of nickel and cobalt opposite effects to those of Villari for 
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Roft iron, and li id found a inaxiniuin value, with a certain degree of 
magnetizing force, and evidence making it probable that a critical 
magnetizing force would bo found for each of these metals also, such 
that the magnetization would be increased by pull when the mag- 
netizing force exceeds it. 

The speaker had found corresponding effects of transverse pull in 
soft iron, and had found them to be correspondingly opposite to 
those discovered by Villari for longitudinal pull. The transverse 
pull was produced by \vater pressure in the interior of a gun-barrel 
ap 2 >lied by a piston and l<‘ver at one end. Tlius a pressure of about 
1000 lbs. per square inch, applied and removed at pleasure, gave 
effects on the magnetism induced in the vortical gun-barrel by the 
vertical component of the terrestrial magnetic force, and, again, by 
an electric current through a coil of insulated copper wire round tho 
gun-barrel, which were witnessed by the audience. When tho force 
magnetizing tho gun-barrel was anything less than about sixty times 
the Glasgow value of the vertical component of tho terrestrial force, 
the magnetization was found to be less with the pressure on than off. 
When tho magnetizing force exceeded that critical value, tho mag- 
netization was greater with the pressure on than off. The residual 
f retained) magnetism was always less with the pressure on than off 
(after ten or a dozen “ ons ** and “ t>tts ” of tho pressure to shako out 
as much of the magnetization as w'as so loosely held as to be shaken 
out by this agitation). 

It is remarkable that tho critical amount of tho magnetizing force 
in respect to effect of transverse pull is more than double that of tlio 
Villari effect of longitudinal pull. Thus for intermediate amounts 
of force (say forces between 10 and 25 C.G.S. units), both longi- 
tudinal pull and transverse pull diminish tho induced magnetization. 
Henoc it is to be inferred that equal pull in all directions would 
diminish, and equal positive pressure in all directions would increase, 
tho magnetization under tlic influence of force between these critical 
values, and through some range above and below tliem ; and not 
improbably for all amounts, however largo or small, of tho mag- 
netizing force; but fiu'ther experiment is necessary to answer this 
question. 

A most interesting further inquiry in connection with this subject 
is to find if seolotropic stress (pressure unequal in different directions), 
beyond the limits of elasticity, leaves in iron, nickel, or cobalt a per- 
manent BBolotropic difference of magnetic susceptibility in different 


directions analogous to that discovered thirty years ago by Tyndall 
in the diamagnetic quality of soft, imperfectly elastic materia^ such as 
fresh bread. Special difiScnlticsjyrgxfialedtho speaker from obtaining 


any results thirty years ago, 
effects in iron ; but tho i^ 
, to resume it. // * 
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Friday, June 14, 1878. 


George Busk, Esq. F.R.S. Treasurer and Vice-President, 
in the Chair, 

Professor James Dewar, M.A. F.R.S. 

The Liquefaction of Oases, 

Dalton, twenty-two years before the discovery of the liquefaction of 
the gases, commences his essay ‘ On the Force of Steam or Vapour 
from Watoi and various other Liquids, both in a Vacuum and in Air,* 
with the following marvellous anticipation of subsequent research : 
“ There can scarcely be a doubt entertained respecting the reduci- 
bility of all elastic fluids of whatever kind into liquids; and we 
ought not to despair of effecting it in low temperatures, and by 
strong pressure exerted upon the unmixed gases.” * The same ideas 
are reiterated in Dalton’s ‘Now System of Chemical Philosophy,* 
which appeared in 1808, yet no definite proof of the accuracy of his 
ideas regarding the relation of the gaseous and liquid states of matter 
were forthcoming until 1823. 

The first information regarding the liquefaction of a gas is found 
in a letter sent by Faraday to Dr. Paris, the biographer of Sir 
Humphry Davy. 

“ Dear Sib, 

“ The oil you noticed yesterday turns out to bo liquid chlorine. 

“ Yours faithfully, 

“Michael Faraday.” 

The letter is not dated, but wo know from Dr. Paris that it must 
have been the Gth of March, 1823. 

Faraday was then engaged in an investigation on the hydrate of 
chlorine. Davy suggested the examination of the action of heat in 
a closed vessel, as likely to yield interesting results, without stating, 
however, what he anticipated would occur. The letter addressed 
to Dr. Paris has reference to the result of this experiment. The 
solid hydrate of chlorine on being heated in a closed vessel, separated 


* ‘ Literary and Philosophical Society of Manchester,’ vol. v. 1802. 
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into water and a dense yellow oil, wLich Faraday proved to bo pure 
liquid chlorine. Davy saw tbo importance of the discovery, and 
liquefied hydrochloric acid by the pressure of its own vapour, pro- 
duced by generating it in a closed vessel. 

Davy also succeeded in liquefying gases by a method which, at 
first view, appears very paradoxical — by the application of heat I 
The method consists in placing them in one log of a bent scaled tube, 
confined by mercury, and applying heat to other, or alcohol, or water, 
in the other end. In this manner, by the pressure of the vapour of 
ether, he liquefied prussic acid and sulphurous acid gas ; which gases, 
on being reproduced, occasioned cold. There can bo little doubt, ho 
thinks, that these general facts of the condensation of the gases will 
have many practical applications. “ They afford means of producing 
great diminutions of temperature, by the rapidity with which largo 
quantities of liquids may be rendered aeriform ; and as compression 
occasions similar effects to cold, in preventing the formation of elastic 
substances, there is great reason to believe that it may be suc- 
cessfully employed for the preservation of animal and vegetable 
substances for the purposes of f<3od.” 

Faraday continued the experiments, and succeeded in liquefying 
many gases by the pressure caused by their continuous formation 
in a limited space, either through the ordinary reactions used for 
producing them, or by applying heat to some easily decomposed 
compound. By observing" the volume of the liquid gas as compared 
with the same in the gaseous state the relative specific gravities could 
bo determined, and by introducing small air manometers, the amount 
of piessure in atmospheres required to condense the various gases, 
and the infiucncc of temperature on the pressure, could be observed. 
This series of experiiponts was completed in 1823. 

Thilorier, in 1835, devised an apparatus to produce liquid 
carbonic acid on a large scale, and made tho great discovery that tlio 
fluid ejected into air produced the solid in the form of snow. This 
substance while evaporating gave a temperature which ho estimated 
about minus 100^ C. The fluid gas w’as soluble in all proportions 
in other, turpentine and bisulphide of carbon. It was four times 
more dilatable than air, and every additional degree of temperature 
added one atmosphere of pressure to the tension of tho gas. Tlio 
density of tho vapour increased in a much greater proportion than the 
pressure, so that tho law of Mariotte was no longer applicable to 
such a highly compressed condition of the gas. 

Mitchell, in 1839, found tbo true temperature of tho solid while 
evaporating in air was minus 78°, but mixed with ether and vaporized 
in vacuo it was reduced to minus 99°. With this powerful means 
of reducing tcmp"eraturo ho solidified sulphurous acid. 

In order to demonstrate tho exceptional temperatures wa liavo to 
deal with, a thermo-junction of iron-copper has tho advantage over a 
fluid thermometer of having a very small mass and great sensibility, 
BO that the length of a degree on our scale is easily observed. This 
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junction placed in ice marks 0°. When placed in solid carbonic 
acid it maintains a fixed temperature of minus 80°, a point on the ther- 
mometer scale as far below the freezing point as the boiling point of 
spirits of wine is above it. If other is added to the solid acid, a 
fluid which does not freeze, and which has the remarkable property 
of dissolving the carbonic acid, the same low temperature is kept 
up. The ether carbonic acid bath acts more rapidly, from the im- 
mersed b.idy being wetted, and thus brought into close contact with 
the fluid. This tliermomcter is far more delicate than cither an 
alcohol or bisulphide of carbon one, and yet it records a constant tem- 
perature, and why ? The reason is, solid carbonic acid is actually 
boiling ; this solution in ether is giving off continuously bubbles of 
gas like a boiling fluid. This is more readily seen if the snow is 
compressed into the form of ice by strong hydraulic pressure. This 
cylinder of clear carbonic acid ice weighs nearly half an ounce, and 
continues to give olf gas when immersed in ether, as if it were a 2 >ieco 
of marble dissolving in an acid. In this state it is one and a half 
times denser than water ; and although the mass is at a temperature 
at least 20° below that of the Arctic regions, yet, strange to say, it is 
not covt'rcd w*ith ice when dropped into a mass of W'atcr. It is in 
reality coated with a layer of gas constantly renewed, and thus the 
water ii(‘ver gets into actual contact. The solid is in a condition 
similar to that of tlic sidieroidal state of liquids. 

Another liquid gas that boils at a still lower temperature is 
nitrous oxide, or laughing gas. The temperature of boiling nitrous 
oxide freely exposed to the air is, as you observe, about 10"^ lower 
than that of carbonic acid. A tem 2 )craturc of minus 90^ is thus 
the lowest wo can rcacli through vaporization of a conveniently 
liquefiable gas, freely exposed to the atmosj)hcro. As the boiling 
lioiiit, however, is dependent holly uj)on the pressure of the gaseous 
atmosphere, if the pressure is removed from the surface of the liquid 
with a greater rapidity than it can accumulate through the generation of 
gas, much lower temperatures may bo commanded. The lo^^ est tem- 
perature recorded by Faraday was mimis 110, and the experiment just 
made jiroves this is about the limit to be reached with his air-pump. 
The experiments of Caguiard de-la-Tour and Thilorier oj>cned uj) 
new ideas and methods for further investigation, and Faraday attacked 
the subject for the second time in 1841. By the combined action of 
I)ressure, and the low temiierature of the carbonic acid ether bath in 
vacuo, he now succeeded in liquefying all the gases with the excep- 
tion of six, viz. oxygen, hydrogen, nitrogen, carbonic oxide, nitric 
oxide, and marsh gas, and obtained many of them in the form of 
solids. The most valuable and laborious part of the research was the 
determination of the tensions of the liquid gases. He w'as the first to 
show the great importance to bo attached to tlicsc constants in defining 
the purity of gases. Thus he discovered that jdiosphuretted hydrogen, 
nitrous oxide, and olefiant gas, however carefully prepared, could 
by this method be proved to contain imimritios. The cxiiorimcnts 
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of Cagniard de-la-Tour induced him to conclude that no amount of 
pressure would liquefy the permanent gases imless the temperature 
was below some definite point of the thermometric scale. In fact he 
had a very clear idea of what is now called the critical point. 

The following extracts from the investigation of 1844 are worthy 
of grave attention. They prove the wonderful accuracy of scientific 
prophecy and display the working of a mind, full of subtle powers of 
divination into nature's secrets : — 


On the Liquefaction and Solidification of Bodies generally existing as 

Oases,* 

“ The experiments formerly made on the liquefaction of gases, 
and the results which from time to time have heen added to this 
branch of knowledge, especially by M. Thilorier, have loft a constant 
desire on my mind to renew the investigation. This, with considera- 
tions arising out of the apparent simplicity and unity of the molecular 
constitution of all bodies when in the gaseous or vaporous state, 
which may be expected, according to the indications given by the 
experiments of M. Cagniard do-la-Tour, to pass by some simple law 
into their liquid state, and also the hope of seeing nitrogen, oxygen, 
and hydrogen, either as liquid or solid bodies, and the latter probably 
as a metal, have lately induced mo to make many experiments on the 
subject ; and though my success has not been equal to my desire, still 
I hope some of the results obtained, and the moans of obtaining them, 
may have an interest for the Royal Society ; more especially as the 
applications of the latter may be carried much further than I as yet 
have had an opportunity of applying them. 

“ But as my hopes of any success beyond that heretofore obtained 
depended more upon <lepression of temperature than on the pressure 
which I could employ in these tubes, 1 endeavoured to obtain a still 
greater' degree of cold. There are, in fact, some results producible by 
cold, which no pressure may be able to effect. 

‘‘Thus solidification has not as yet been conferred on the fluid 
by any degree of pressure. 

“ Again that beautiful condition which Cagniard de-la-Tour has 
made known, and which comes on with liquids at a certain heat, may 
have its point of temperature for some of the bodies to bo experi- 
mented with, as oxygen, hydrogen, nitrogen, &c., below that belonging 
to the bath of carl^nic acid and ether ; and in that case, no pressure 
which any apparatus could bear would bo able to bring them into the 
liquid or solid state. 

“ Thus though as yet I have not condensed oxygen, hydrogen, or 
nitrogen, the original objects of my pursuit, 1 have added nix sub- 
stances, usually gaseous, to the list of those that could previously 
be shown in the liquid state, and have reduced seven, including 


* ‘ Phil. Trana.,' 1845. 
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ammonia, nitrous oxide, and sulphuretted hydrogen, into tho solid 
form. And though tho numbers expressing tension of vapour cannot 
(because of tho difBculties respecting tho use of thermometers and the 
apparatus generally) be considered as exact, I am in hopes they will 
assist in developing some general law governing tho vaporization of 
all bodies, and also in illustrating tho physical state of gaseous bodies 
as they aro presented to us under ordinary temperature and pressure. 

“ Whether tho same law may bo expected to continue when the 
bodies approach near to the Cagniard de-la-Tour state is doubtful. 
That state comes on sooner in rofcronco to the pressure required, 
according as tho liquid is lighter and more expansible by heat and its 
vapour heavier; hence indeed the great reason for its facile assumption 
by ether. 

“ But though with ether, alcohol, and water, that substance which is 
most volatile takes up this state with tho lowest 2 )ressure, it does not 
follow that it should always bo so ; and, in fact, wo know that ether 
takes uj) this state at a pressure between thirty-seven and thirty-eight 
atmospheres, whereas muriatic acid, nitrous oxide, carbonic acid, and 
olefiant gag, which arc far more volatile, sustain a higher pressure 
than thib without assuming that peculiar state, and whilst their 
vapours and liquids are still considerably different from each other. 
Now whether tho curve which expresses tho elastic force of the 
vapour of a given fluid for increasing temperatures continues un- 
disturbed after that fluid has passed tho Cagniard de-la-Tour point or 
not is iK't known, and therefore it cannot well be anticipated whether 
the coining on of that state sooner or later with particular bodies, 
will influence them in relation to the more general law referred to 
above. 

“ Tho law already suggested gives great encouragement to the 
continuance of those efforts Avhich aro directed to tho condensation of 
oxygen, hydrogen, and nitrogen, by the attainment and application of 
lower teinjioraturcs than those yet applied. 

“ If to reduce carbonic acid from the jiressure of two atmospheres 
to that of one, we require to abstract only about half tho number of 
degrees that is necessary to produce the same effect with sulphurous 
acid, it is to be expected that a far less abstraction will suffice to 
l>roduco tho same effect with nitrogen or hydrogen, so that further 
diminution of temperature and improved apparatus for pressure may 
very well bo expected to give us these bodies in tho liquid or solid 
state.’* 

The classical researches of Eegnault in 1847, on the compressi- 
bility of gases, proved that the permanent gases, with the exception of 
hydrogen, deviated from Mariotte’s law in the same direction as 
those that were liquefiable, although to a much smaller amount. If 
Mariotte’s law represents the perfect gaseous state, then hydrogen is a 
gas that shows greater resistance to alteration of volume than would 
result from this law. Nattcrer, in 1854, condensed hydrogen, oxygen, 
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and nitrogen to a pressure of 2700 atmospheres without any change 
of state being observed. His experiments show that oxygen and 
nitrogen under great compression, behave like hydrogen, that is, 
become less and less compressible. 

Andrews, in 1861, subjected the six gases that resisted the efforts of 
Faraday when cooled to the temperature of the carbonic acid ether bath 
to a pressure of at least 500 atmospheres without producing any change 
of state. During the course of this investigation Andrews observed 
that liquid carbonic acid raised to a temperature of 31° lost the sharp 
concave surface of demarcation between the liquid and gas and at last 
disappeared. The space was now occupied by a homogeneous fluid, 
which exhibited, when the pressure was suddenly diminished, or 
temperature slightly lowered, a peculiar appearance of moving or 
flickering strim throughout its entire mass, owing to great alterations 
of density. At temperatures above 31° apparent liquefaction or 
separati(»n into two distinct fl^rms of matter could not bo effected even 
when the pressure reached 400 atmospheres. This limiting tempera- 
ture of the liquid state Andrews calls the “ critical point.” He has 
been engaged for the last twelve years in completing his researches 
on the gaseous state, which for accuracy and ologanco can only bo 
equalled by the work of Eegnault. 

Becent experiments resulting in the liquefaction of the permanent 
gases have been made simultaneously by M. L. Cailletet, of Taris, and 
M. K. Pictet, of Geneva. Each had large experimental resources 
and facility for conducting such investigations. 

Both experimenters used the same ingenious method .of reaching 
temperatures far below that of the carbonic acid bath in vacuo, by 
allowing the gases pooled to the above temperature and highly 
compressed, to expand suddenly. This expansion involves a rapid 
absorption of heat, and this is chiefly taken from the molecules of tho 
gas forcing a portion to pass into the fluid or solid state. 

Cailletet’s apparatus is a modified form of that employed by 
Andrews in his great research on the continuity of tho gaseous and 
liquid states of matter, and will bo readily understood on seeing it in 
operation.* 

Pictet’s experiments were conducted on a manufacturing scale. 
A sulphurous acid ice machine cooled carbonic acid or nitrous oxide 
to a temperature of minus 66° so that a pressure of from four to six 
atmospheres is all that is required to cause liquefaction. A system of 
compressing and exhausting pumps, worked at the rate of one hundred 
revolutions per minute by a steam engine, thus produce about 16 lbs. 
of liquid carbonic acid per hour. Vaporized in the very porfdet vacua 
he can command, a temperature of minus 130° may be kept up for any 
length of time. The operations are so arranged in cycle that the 


* Handsomely presented to the Royal Inatitution, by Dr. Warren De La Rue, 
for the purpose of illustrating this lecture. 
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same oarbonio acid or nitrons oxide may be used again and again. 
[This photograph diows the general arrangements in the labo- 
ratory.] No pump is used by Pictet to compress the oxygen or 
hydrogen, l^e gases are produced by chemical reaction as in 
Faraday’s tubes, only he replaces the glass by a strong tube of copper 
connected with a large iron bomb, in which by the application of 
heat the decomposition takes place. The narrow copper tube is 
cooled to minus 130° or 140° by the method explained, and here the 
liquefaction takes place. A screw stop-Ksock at the extremity of the 
tube allows the liquid gas to be ejected. The pressure of liquid 
oxygen at minus 138 is at least 273 atmospheres, and its density is a 
little less than that of water. Hydrogen in the liquid state at a tem- 
perature of minus 140° has a pressure of about 320 atmospheres and 
appears to solidify in the tube when the fluid jet is allowed to escape. 
The jet of liquid has a steel blue colour. 

If oxygen, nitrogen, or air is compressed in Cailletet’s apparatus 
to 250 atmospheres, something like three tons on the square inch, and 
the pressure suddenly released, there is an instantaneous cloud formed 
within the tn^ due to partial liquefaction. 

This tube contains the first gas Cailletet succeeded in liquefying, 
the hydro-carbon called acetylene, which was discovered by an old 
Assistant of the Boyal Institution, and is one of the most important 
bodies in the whole range of organic chemistry. After it is com- 
pressed to about 50 atmospheres a dear colourless fluid will result. 

The work of Faraday has been completed ; every gas may be 
forced to appear as a liquid. 

[J. D.] 



Friday, February 21, 1872. 

William Spottiswoodb, Esq, M.A. D.C.L. Pros. R.S. Vico-Prosidont, 

in the Chair. 

Professor Bosoob, LL.D. P.R.S. 

A New Chemical Industry^ established hy M, Camille Vincent 

“ After I had made the discovery of the marine acid air, which the 
vapour of spirit of salt may properly enough be called, it occurred to 
mo that, by a process similar to that by which this acid air is expelled 
from the spirit of salt, an alkaline air might be expelled from sub- 
stances containing the volatile alkali. Accordingly 1 procured some 
volatile spirit of sal-ammoniac, and having put it into a thin phial 
and heated it with the flame of a candle, I presently found that a 
great quantity of vapour was discharged from it, and being received 
into a basin of quicksilver it continued in the form of a transparent 
and permanent air, not at all condensed by cold.*’ These words, written 
by Joseph Priestley rather more than one hundred years ago, describe 
the experiment by which ammonia was first obtained in the gaseous 
state. 

Unacquainted with the composition of this alkaline air, Priestley 
showed that it increased in volume when electric Sparks are passed 
through it, or when the alkaline air (ammonia) is heated the residue 
consists of inflarnmable air (hydrogen). 

. Berthollet, in 1785, proved that this increase in bulk is due to the 
decomposition of ammonia into nitrogen and hydrogen, whilst Henry 
and Davy ascertained that two volumes of ammonia are resolved into 
one volume of nitrogen and three volumes of hydrogen. 

The early history of sal-ammoniac and of ammonia is very obscure. 
The salt appears to have been brought into Europe from Asia in the 
seventh century, probably from volcanic sources. An artificial mode 
of producing the ammoniacal salts from decomposing animal matter 
was soon discovered, and the early alchemists wore well acquainted 
with the carbonate under the name of spiritus salis urince. In later 
times sal-ammoniac was obtained from Egypt, where it prepared 
by collecting the sublimate obtained by burning camels* dung. 

Although we are constantly surrounded by an ainosphoro of 
nitrogen, chemists have not yet succeeded in inducing tliis inert sub- 
stanoe to combine readily, so that we are still dependant for our 
supply of combined nitrogen, whether as nitric acid or aii^monia, upon 
the decomposition of the nitrogenous constituents of the bodies of 
plants and animals. This may bo effected either by natural decay. 
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giving rise to the ammonia which is always containcMl in the atmo- 
sphere, or by the dry distillation of the same bodies, that is, by heating 
them strongly out of contact with air ; and it is from this source that 
the world derives the whole of its commercial ammonia and sal- 
ammoniac. 

Coal, the remains of an ancient vegetable world, contains about 
2 per cent, of nitrogen, the greater part of which is obtained in the 
form of ammonia when the coal undergoes the process of dry distilla- 
tion. In round numbers two million tons of coal are annually dis- 
tilled for the manufacture of coal gas in this country, and the ammo- 
niacal water of the gasworks contains the salts of ammonium in 
solution. 

According to tho moat reliable data 100 tons of coal were distilled 
so as to yield 10,000 cubic feet of gas of specific gravity 0 * 6, giving 
the following products, in tons : — 

Oaa, Tar. Ammonia Watpr. Toko 

22 '25 8*5 9 5 59*75 average. 

This ammonia water contains about 1 • 5 per cent, of ammonia, 
hence the total quantity of the volatile alkali obtainable from the gas- 
works in England amounts to some 9000 tons per annum. 

A singular difference is observed between the dry distillation of 
altered woody fibre as wo have it in coal, and woody fibre itself. In 
the products of the first operation we chiefly find in the tar the 
aromatic hydrocarbons, such as benzene, whilst in the second we find 
acetic acid and methyl alcohol are predominant. 

The year 1848 is a memorable one in tho annals of revolutionary 
chemistry, for in that year Wurtz proved that ammonia is in reality 
only one member of a very large family. By acting with caustic 
potash on the nitriles of the alcohol radicals ho obtained the first 
series of the largo class of compound ammonias, the primary mona- 
mines. Of these mcthylamino is the first on our list : — 

CH3jN + 2 K 0 H = CH.}N + C 0 {gK 

The years that followed, 1849-51, were prolific in ammoniacal 
discoveries. Hofmann pointed out that not only one atom of hydrogen 
in ammonia can be replaced by its equivalent of organic radical, but 
that two or all tho three atoms of the hydrogen in ammonia can be 
likewise replaced, giving rise to tho secondary and tertiary amines, by 
the following simple reactions : — 

CH 3 I 

1 . CH,I-fHjN = HI + H N 

Hi H I 

CH.) CH,| 

2. CH 3 I + H }N = HI + CH, }N 

H J H J 

CH.I CH,| 

3. CH,I + CH. Jn = hi + CH, } N 

H) CH.) 


HS— Vol 3 C 
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To these bodies the names of methylamine, di-methylamine, and 
tri-methylamino were given. They resemble ammonia in l^ing 
volatile alkaline liquids or gases, which combine with acids to form 
crystalline and well-dohned salts. 

Hitherto these compound ammonias have been chemical curiosities ; 
they have, however, recently become, as has so often been the case in 
other instances, of groat commercial importance, and are now manu- 
factured on a large scale. 

We are all well aware that the French beet-root sugar industry is 
one of great magnitude, and that it has been largely extended in late 
years. In this industry, as in the manufacture of cane sugar, large 
quantities of molasses or treacle remain behind after the whole of the 
crystallizable sugar has been withdrawn. These molasses are in- 
variably employed to yield alcohol by fermentation. The juice of 
the beet, as well as that of cane sugar, contains, in addition to the 
sugar, a large quantity of extractive and nitrogenous matters, together 
with considerable quantities of alkaline salts. In some sugar-pro- 
ducing districts the waste-liquors or spent-wash from the stills — 
called vinassea in French — are wastefully and ignorantly thrown away, 
instead of being returned to the land as a fertilizer, and thus the soil 
becomes impoverished. In France it has long been the custom of the 
distiller to evaporate these liquors (vinaaaea) to dryness, and to calcine 
the mass in a reverberatory furnace, thus destroying the whole of the 
organic matter, but recovering the alkaline salts of the bept-root. In 
this way 2000 tons of carbonate of potash ore annually produced in 
the French distilleries. For more than thirty years the idea has 
been entertained of collecting the ammonia-water, tar, and oils which 
are given off when this organic matter is calcined, but tlie practical 
realization of the project has only quite recently been accomplished, 
and a most unexpected new field of chemical industry thus opened 
out, through the persevering and sagacious labours of M. Camille 
Vincent, of Paris. 

The following is an outline of the process as carried out at the 
large distillery of Messrs. Tilloy, Dolaune, and Co., at Courri^res. 
The spent-wash having been evaporated until it has attained a specific 
gravity of 1*31, is allo\^ed to run into cast-iron retorts, in which it is 
submitted to dry distillation. This process lasts four hours; the 
volatile products pass over, whilst a residue of porous charcoal and 
alkaline salts remains behind in the retort. The gaseous products 
given off during the distillation are passed through coolers, in order 
to condense all tlie portions which are liquid or solid at the ordinary 
temperature, and the combustible gases pass on uncondonsod and 
serve as fuel for heating the retorts. ; 

The liquid portion of the distillate is a very complex mixture of 
chemical compounds, resembling in this respect the corrospjbnding 
product in the manufacture of coal gas. Like this latter, the ^ liquid 
distillate from the b|)ent-wash may be divided into 

1. The ammonia-water. 

2. The tar. 
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The ammonia-water of the vinasso resembles that of the ooal-gas 
manufacture in so far as it contains carbonate, sulphydrate, and 
hjdrocyanide of ammonia ; but it differs from this (and approximates 
to the products of the dry distillation of wood) by containing in 
addition methyl alcohol, methyl sulphide, methyl cyanide, many of 
the members of the fatty acid series, and, most remarkable of all, 
large qmntitiea of the salts of trimethylamine. 

The tar, on re-distillation, yields more ammonia-water, a largo 
number of oils, the alkaloids of the pyridene series, solid hydro- 
carbons, carbolic acid, and lastly, a pitch of fine quality. 

The crude alkaline aqueous distillate is first neutralized by 
sulphuric acid, and the saline solution evaporated, when crystals of 
sul]>hate of ammonia are deposited ; and these, after separating and 
draining off, leave a mother liquor, which contains the more soluble 
sulphate of trimethylamine. During the process of concentration, 
vapours of methyl alcohol, methyl cyanide, and other nitrils are given 
off, these being condensed, and the cyanide used for the preparation 
of ammonia and acetic acid by decomposing it with an alkali. 

Trimethyjamine itself is at present of no commercial value, though 
perhaps the time is not far distant when an important use for this 
substance will be found. The question arises as to how this material 
can bo mode to yield substances capable of ready employment in the 
arts. This problem has been solved by M. Vincent in a most inge- 
nious way. He finds that the hydrochlorate of trimethylamine, when 
heated to a temperature of 260°, decomposes into (1) ammonia, (2) 
free trimethylamine, and (3) chloride of methyl. 

3 NMeallCl = 2 NMo, + NH 3 + 3 MeCl. 

By bubbling the vapours through hydrochloric acid the alkaline 
gases are retained, and the gaseous chloride of methyl passes on to bo 
purified by washing with dilute caustic soda and drying with strong 
sulphuric acid. This is then collected in a gas-holder, whence it is 
pumped into strong receivers and condensed. 

The construction of these receivers is shown in Fig. 1. They 
consist of strong wrought-iron cylinders, tested to resist a pressure of 
20 kilos, per square centimetre, and containing 50, 110, 220 kilos, 
chloride of methyl. The liquid is drawn from these receivers by 
opening the screw tap D, which is covered by a cap C, to prevent 
injury during transit. 

;^th ammonia and chloride of methyl are, however, substances 
possessing a considerable commercial value. The latter compound 
has up to this time, indeed, not been obtained in large quantities, but 
it can bo employed for two distinct purposes : (1) it serves as a means 
of producing artificial cold; (2) it is most valuable for preparing 
methylated dyes, which are at present costly, inasmuch as they have 
hitherto been obtained by the i ^ of methyl iodide, an expensive 
substance. 

Methyl chloride was discovered in 1804 by MM. Dumas and 
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Peligot, who obtained it by heating a mixture of common salt, methyl 
alcohol, and sulphuric acid. It is a gas at the ordinary temperature, 
possesses an ethereal smell and a sweet taste, and its specific gravity 


Fiq. 1. 

C 



is 1*738. It is somewhat soluble in water (about 8 volumos), but 
much more in acetic acid (40 volumes), and in alcohol (36 volumes). 
It burns with a luminous fiame, tinged at the edges with green, 
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yielding carbonic and hydrochloric acids. Under pressure, methyl 
chloride can be readily condensed to a colourless, very mobile liquid, 
boiling at — 23° C. under a pressure of 760 mm. As the tension 
of the vapour is not high, and as it does not increase very rapidly 
with tho temperature, the liquefaction can be readily effected, and the 
collection and transport of tho liquefied chloride can be carried on 
without danger. 

The following tabic shows the tension of chloride of methyl at 
varying temperatures : — 

At 0° tlie tension of CH 3 CI is 2*48 atmospheres. 


M 15" 



411 


„ 20 ° 



4-81 


„ 25° 



5 G2 


„ 30° 



6*50 


35° 



7*50 



From these numbers we must of course subtract 1 to obtain the 
pressure which the vapour exerts on tho containing vessel. 

As a moans of producing low temperatures chloride of methyl will 
prove of great service both in the laboratory and on a larger in- 
dustrial scftld. * "When the liquid is allowed to escape from the receiver 
into an open vessel, it begins to boil, and in a few moments the tem- 
perature of the liquid is lowered by the ebullition below — 23°, the 
boiling point of the chloride. The liquid then remains for a length 
of time in a quiescent state, and may be used as a freezing agent. 
By increasing the rapidity of tho evaporation by means of a current 
of air blown through the liquid, or better by placing the liquid in 
connection with a good air-pump, the temperature of tho liquid can in 
a few moments be reduced to —65°, and large masses of mercury 
easily solidified. The construction of a small freezing machine em- 
ployed by M. Camille Vincent is shown in Fig. 2. It consists of a 
double-cased copper ves8<d, between the two casings of which the 
methyl chloride (A) is introduced. The central space (M) is filled 
with some liquid such as alcohol, incapable of solidification. Tho 
chloride of methyl is allowed to enter from the cylindrical reservoir 
by tho screw tap (B) and the screw fS) left open to pcimit of the 
escape of the gas. As soon as the wnole mass of liquid has been 
reduced to a temperature of — 23°, ebullition ceases, the screw (S) 
may bo rcplaceil, and if a temperature lower than — 23° be required, 
the tube (B) placed in connection with a good air-pump. By this 
simple means a litre of alcohol can bo kept for several hours at tem- 
peratures cither of — 23° or — 65°, and thus a largo number of ex- 
periments can be performed for which hitherto tho expensive liquid 
nitrous oxide or solid carbonic acid was required. 

M. Vincent has recently constructed a much larger and more 
perfect and continuous form of freezing machine, in which by means 
of an air-pump and a forcing pump tho chloride of methyl is evaporated 
in tho freezing machine and again condensed in the cylindere. This 
enlarged form of apparatus will probably compete favourably with the 
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etber, and sulphurous acid, freezing machines now in use, as they can 
be simply constructed, and as the vapour and liquid do not attack 
metal and are non-poisonous, and as the frigorihc effects which it 
is capable of producing are most energetic. 

The second and perhaps more important application of methyl 
chloride is to the manufacture of methylated colours. 

It is well known that rosaniline or aniline-red, C20H19N3, yields 
compounds possessing a fine blue, violet, or green colour, when a 


Fig. 2. 



portion of the hydrogen has been replaced by the radicals methyl or 
ethyl, and the larger tho proportion of hydrogen replaced the deeper 
is tho shade of violet which is produced. Thus we have triethyl 
rosaniline or Hofmann’s * violet, C20 

By replacing one or two atoms of the hydrogen of anjline by 
methyl and by OKidizino; tho methyl anilines thus obtained,! Charles 
Lauth obtained fino violet colours, whilst about tho sa^o time 
Hofmann observed tho production of a bright green colouring matter, 


Hoihiarjii, ‘Proc. Roy. Soo.* xiii. 13 (1803). 
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now known as iodine green, formed during the manufacture of the 
violet, and produced from tie latter colour by the action of metbyl 
iodide. 

In order to prepare aniline green fi*om the pure chloride of 
methyl, a solution of mctliyl-anilino violet in methyl alcohol is 
placed in an iron digester and the liquid rendered alkaline by caustic 
soda. Having closed the digester, a given quantity of liquid chloride 
of methyl is introduced by opening a tap, and the digester thus charged 
is placed in a water bath and heated by a jet of steam, until the 
temperature reaches 95^, and the indicated pressure amounts to from 
4 to 5 atmospheres. As soon as tlio reaction is complete, the hot 
water is replaced by cold, and the internal pressure reduced by 
opening the screw tap of the digester. The product of this reaction 
heated and filtered, yields the soluble and colourless base, whose salts 
are green. To the acidulated solution a zinc salt is added to form a 
double salt, and the green compound is then precipitated by the 
addition of common salt. By adding ammonia to a solution of the 
green salt, a colourless liquid is obtained, in which cloth mordanted 
with tannic ^acid and tartar emetic becomes dyed of a splendid green. 

If rob'anirinc bo substituted for methyl aniline in the 2 )rcceding 
reaction Hofmann’s violet is obtained. The a 2 )plication of methyl 
chloride to the preparation of violets and greens is, however, it must 
bo remembered, not duo to M. Vincent; it has been j)ractisod for 
some years by aniline-colour makers. M. Vincent’s merit is in 
establishing a cheap method by which perfectly pure chloride of 
methyl can bo obtained, and thus rendering the processes of the 
manufacture of colours much more certain than they have been 
hitherto. 

The production of methyl violet from di-methyl aniline, may be 
easily shown by heating this body with a small quantity of chloral 
hydrate, and then introducing some copper tui'nings into the hot 
liquid. On pouring the mixture into alcohol, the violet colour is 
well seen. 

In reviewing this new chemical industry of the beet-root vinasscs, 
ono cannot help being struck by tho knowledge and ability which 
have been so successfully expended by M. Camille Vincent on the 
working out of the processes. 

Hero again we have another instance of tho utilization of waste 
chemical products and of the preparation on a large scale of com- 
pounds hitherto known only as chemical rarities. 

All those interested in scientific research must congratulate 
M. Camille Vincent on this most successful issue of his labours. 

[H. E. R.] 



Friday, Feb. 28, 1879. 

G. William Siemens, Esq. D.C.L. F.KS. Yice-President, in the Ohair. 

Sib William Thomson, LL.D. F.R.S. 

The Sorting Demon of Maxwell. 

[Abstract ] 

The word “ demon,” which originally in Greek meant a supernatural 
being, has never been properly used to signify a real or ideal personi- 
fication of malignity. 

Clerk MaxwelFs ‘‘demon” is a creature of imagination having 
certain perfectly well defined powers of action, purely mechanical in 
their character, invented to help us to understand the “ Dissipation of 
Energy ** in nature. 

He is a being with no preternatural qualities, and differs from 
real living animals only in extreme smallness and agility. Ho can at 
pleasure stop, or strike, or push, or pull any single atom of matter, 
and so moderate its natural course of motion. Endowed ideally with 
arms and hands and fingers — two hands and ten fingers suffice — he 
can do as much for atoms as a pianoforte player can do for the keys of 
the piano — just a little more, he can push or pull each ^tom in any 
direction. 

He cannot create or annul energy ; but just as a living animal 
does, ho can store up limited quantities of energy, and reproduce them 
at will. . By operating selectively on individual atoms ho can reverse 
the natural dissipation of energy, can cause one-half of a closed jar of 
air, or of a bar of iron, to become glowingly hot and the other ice cold; 
can direct the energy of the moving molecules of a basin of water to 
throw the water up to a height and leave it there proportionately 
cooled (1 deg. Fahrenheit for 772 ft. of ascent); can “sort” the 
molecules in a solution of salt or in a mixture of two gases, so as to 
reverse the natural process of diffusion, and produce concentration of 
the solution in one portion of the water, leaving pure water in the 
remainder of the space occupied ; or, in the other case, separate the 
gases into different parts of the containing vessel. 

“ Dissipation of Energy ” follows in nature from the fc^rtuitous 
concourse of atoms. The lost motivity is essentially not r^torable 
otherwise than by an agency dealing with individual atoms ; and the 
mode of dealing with the atoms to restore motivity is essoptially a 
process of assortment, sending this way all of one kind or cliiss, that 
way all of another kind or class. 

The classification, according to which the ideal demon is to sort 
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them, may be according to the essential character of the atom ; for 
instance, all atoms of hydrogen to be let go to the left, or stopped 
from crossing to the right, across an ideal boundary; or it may be 
according to the velocity each atom chances to have when it ap- 
proaches the boundary : if greater than a certain stated amount, it is 
to go to the right; if less, to the left. This latter rule of assort- 
ment, carried into execution by the demon, disequalises temperature, 
and undoes the natural diffusion of heat ; the former undoes the 
natural diffusion of matter. 

By a combination of the two processes, the demon can decompose 
water or carbonic acid, first raising a portion of the compound to 
dissociational temperature (that is, temperature so high that collisions 
shatter the compound molecules to atoms), and then sending the 
oxygen atoms this way, and the hydrogen or carbon atoms that way ; 
or he may effect decomposition against chemical affinity otherwise, 
thus: — Let him take in a small store of energy by resisting the mutual 
approach of two compound molecules, letting them press as it were on 
his two hands, and store up energy as in a bent spi ing, then let him 
apply the two hands between the oxygen and the double hydrogen 
constituents' ot*a compound molecule of vapour of water, and tear 
them asunder. Ho may repeat this process until a considerable pro- 
portion of the whole number of compound molecules in a given 
quantity of vapour of water, given in a fixed closed vessel, are sepa- 
rated into oxygen and hydrogen at the expense of energy taken from 
translational motions. The motivity (or energy for motive power) in 
the explosive mixture of oxygen and hydrogen of the one case, and the 
separated mutual combustibles, carbon and oxygen, of the other case, 
thus obtained, is a transformation of the energy found in the sub- 
stance in the form of kinetic energy of the thermal motions of the 
compound molecules. Essentially different is the decomposition of 
carbonic acid and water in the natural growth of plants, the result- 
ing motivity of which is taken from the undulations of light or 
radiant heat, emanating from the intensely hot matter of the sun. 

The conception of the “sorting demon,” is purely mechanical, and 
is of great value in purely physical science. It was not invented to 
help us to deal with questions regarding the influence of life and of 
mind on the motions of matter, questions essentially beyond the range 
of mere dynamics. 

[The discourse was illustrated by a series of experiments.] 

[W. T.] 
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Friday, April 4, 1879. 


William Spottiswoode, Esq. D.C.L. LL.D. Pres. R.S. 

Vice-President, in the Chair. 

WiLUAM Crookes, F.R.S. 

Molecular Physica in High Vacua, 

When I was asked, a month or two ago, to illustrate in this theatre 
some of my recent researches on Molecular Physics in High Vacua, I 
exclaimed “ How is it possible to bring such a subject worthily before 
a Royal Institution audience when none of the experiments can be 
seen more than three feet off ? ” If to-night I am fortunate enough 
to show all the experiments to those who are not far distant, and if 
I succeed in making most of them visible at the far end of the theatre, 
such a success will be entirely due to the great kindness of your late 
Secretary, Mr. Spottiswoode, who has placed at my disposal his 
magnificent induction-coil, — not only for this lecture, J?ut for some 
weeks past in my own Laboratory, — thus enabling me to prepare 
apparatus and vacuum tubes on a scale so large as to relieve me of 
all anxiety so far as the experimental illustrations are concerned. 

Before describing the special researches in molecular physics 
which I propose to illustrate this evening, it is necessary to give a 
brief outline of one small department of the modern theory of the 
constitution of gases. It is not easy to make clear the kinetic theory, 
but I will try to simplify it in this way : — Imagine that I have in a 
large box a swarm of bees, each bee independent of its fellow, flying 
about in all manner of directions and with very different velocities. 
The bees are so crowded that they can only fly a very short distance 
without coming into contact with one another or with the sides of 
the box. As they are constantly in collision, so they rebound from 
each other with altered velocities and in different directions, and 
when these collisions take place against the sides of the hoi^ pressure 
is produced. If I take some of the bees out of the box, th^ distance 
which each individual bee will be able to fly before it edmes into 
contact with its neighbour will be greater than when the^ box was 
full of bees, and if I remove a great many of the bees I increase to a 
considerable extent the average distance that each can fly Without a 
collision. This distance I will call the bee’s »iean free imth When 
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tho bees are nnmerous the mean free path is very short ; when the 
bees are few the mean free path will be longer, the length being 
inversely proportional to tho number of bees present. Let us now 
imagine a loose diaphragm to be introduced in the centre of the box, 
so as to divide the number of bees equally. The same number of 
bees being on each side, the impacts on the diaphragm will be equal ; 
and the mean speed of tho bees being the same, tho pressure will be 
idontical on oach side of the diaphragm, and it will not move. 

Let me now warm one side of this division so as to let it com- 
municate extra energy to a bee when it touches it. As before, a 
bee will strike the diaphragm with its normal mean velocity, but will 
be driven back with extra velocity, the reaction producing an increase 
of pressure on the diaphragm. It will be found, however, that 
although the diaphragm is free to move, the extra strength of the 
recoil on the warm side does not produce any motion. This at first 
sight seems contrary to the law of action and reaction being equal. 
The explanation is not difficult to understand. The bees which fly 
away from tlie diaphragm liavo drawn energy from it, and therefore 
move quicker those which are coming towards it; they beat 

back the crowd to a greater distance, and keep a greater number 
from striking the diaphragm. Near to the heated side of the dia- 
phragm the density is less than the average, while beyond the free 
path the density is above the average, and this greater crowding 
extends to all other parts of the box. Thus it happens that the extra 
energy of the impacts against tho warm side of tho diaphragm is 
exactly compensated by tho increased number of impacts on the cool 
side. In spite therefore of the increased activity communicated to a 
portion of tho bees, the pressure on tho two sides of tho diaphragm 
will remain tho same. This represents what occurs when tho extent 
of the box containing the bees is so great, compared with the mean 
free path, that tho abrupt change in tho velocities of those bees which 
rebound from tho walls of the box produces only an insensible 
influence on the motions of bees at so groat a distance as the 
diaphragm. 

I will next ask you to imagine that I am gradually removing bees 
from our box, still keeping the diaphragm warm on one side. The 
bees getting fewer the collisions will become less frequent, and the 
distance each boo can fly before striking its neighbour will get longer 
and longer, and tho crowding in front of them will grow less and 
less. The compensation will also diminish, and the warmed side of 
the diaphragm will have a tendency to be beaten back. A point will 
at last be reached on the warm side, when the mean free path of the 
bees will bo long enough to admit of their dashing right across from 
the diaphragm to the side of tho box, without meeting more than a 
certain number of in-coming bees in their flight. In this case the 
bees will no longer fly quite in the same direction as before. They 
will now fly less sideways, and more forwards and backwards between 
the heated face of the diaphragm and tho opposed wall of the box. 
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Beoanse of this preponderating motion, and also because they will 
thereby less effectually keep back bees crowding in from the sides, 
there will now be a greater proportionate pressure both on the hot 
face of the diaphragm and on that part of the box which is in front 
of it. Hence the pressure on the hot side will now exceed that on the 
cool side of the diaphragm, which will consequently have a backward 
movement communicated to it. 

I may diminish the size of the boos as much as I like, and by 
correspondingly increasing their number the mean free path will 
remain the same. Instead of bees let me call them molecules, and 
instead of having a few hundreds or thousands in the box let me have 
millions and billions and trillions ; and if we also diminish the mean 
free path to a considerable extent, we get a rough outline of the 
kinetic theory of gases. (I may just mention that the mean free path 
of the molecules in air, at the ordinary pressure, is the ten-thousandth 
of a millimetre.) 

Three years ago I had the honour of bringing before you the 
results of some researches on the Eadioraeter. Let mo now take up 
the subject where I then loft off. I have hero two radiometers which 
have b^n rotating before you under the influence of a strong light 
shining upon them. 

The explanation of the movement of the radiometer is this, — the 
light, or the total bundle of rays included in the term “ light,” falling 
upon the blackened side of the vanes, becomes absorbed, and thereby 
raises the temperature of the black side : this causes e^tra excitement 
of the air molecules which come in contact with it, and pressure is 
produced, causing the fly of the radiometer to turn round. 

I have long believed that a well-known appearance observed in 
vacuum tubes is closely related to the phenomena of the mean free 
path of the molecules. When the negative pole is examined while 
the discharge from an induction-coil is passing through an exhausted 
tube, a dark space is seen to surround it. This dark space is found 
to increase and diminish as the vacuum is varied, in the same way 
that the ideal layer of molecular pressure in the radiometer increases 
and diminishes. As the one is perceived by the mind’s eye to get 
greater, so the other is seen by the bodily eye to increase in size, If 
the vacuum is insufficient to permit the radiometer to turn, the 
passage of electricity shows that the “dark space” has shrunk to 
small dimensions. It is a natural inference that the dark space is 
the mean free path of the molecules of the residual gas. 

The radiometer which has just been turning under tho influence 
of the lime-light is not of the ordinary kind. Fig. 1 will Explain its 
construction. ^ 

It is similar to an ordinary radiometer with aluminium' disks for 
vanes, each disk coated on one side with a film of mica. The fly is 
supported by a hard steel instead of glass cup, and the needle point 
on which it works is connected by means of a wire with a platinum 
terminal scaled into the glass. At the top of the mdiometer bulb 
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a second terminal is sealed in. The radiometer can therefore be 
connected with an induction-coil, tho movable fly being made the 
negative pole. 

As soon os the pressure is reduced to a few millims. of mercury, 
a halo of velvety violet light forms on the metallic side of the vanes, 
tho mica side remaining dark. As the pressure diminishes, a dark 
space is seen to separate tho violet halo from the metal. At a 
pressure of half a millim. this dark space ex- 
tends to the glass, and positive rotation com- 
mences. On continuing the exhaustion tho 
dark space further widens out and appears to 
flatten itself against the glass, when the rota- 
tion becomes very rapid. 

You perceive a dark space behind each vane 
and moving round with it. In the first experi- 
ment, radiation from the lime-light falling on 
the metallic sides of the vanes, produced a 
layer of molecular pressure which drove tho 
fly round ; so here the induction-current has 
produced molecular excitement at the surface 
of the vanes forming the negative pole, extend- 
ing up to the side of the glass. 

When the negative pole is in rajjid rotation 
it is not easy to see this dark space, so 1 have 
arranged a tube in which the dark space will 
bo visible to all present. The tube, as you 
w’ill see by the diagram (Fig. 2), has a pole in 
the centre in the form of a metal disk, and 
other poles at each end. The centre pole is 
made negative, and the two end poles connected 
together are made the positive terminal. The 
dark space will be in the centre. When tho 
exhaustion is not very great tho dark space ex- 
tends only a little distance on each side of the negative pole in the 
centre. When tho exhaustion is very good, as it is in the tube before 
you, and I turn on the coil, the dark space is seen to extend for about 
2 inches on each side of the pole. 

Here, then, we see tho induction spark actually illuminating the 
lines of molecular pressure caused by tho excitement of the negative 
pole. The thickness of this dark space — nearly 2 inches — is the 
measure of the mean free path between successive collisions of the 
molecules of tho residual gas. The extra velocity with which the 
negatively electrified molecules rebound from the excited pole keeps 
back the more slowly moving molecules which are advancing towards 
that pole. The conflict occurs at the bound t-y of the dark space, 
where tho luminous margin bears witness to the energy of the dis- 
charge. 

1 will endeavour to throw on the screen an illustration of this 


Fig 1. 
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dark space. A stream of water falls from a small jot on to a hori- 
zontal plate of glass. The water spreads over the plate and forms a 
thin film. The jet of water in the centre, from the velocity of its 
fidl, drives the film of water before it on all sides, raising it into a 
ring-shaped heap. As I diminish the force of the jet the ring con- 
tracts: this is equivalent to the exhaustion getting less. When I 
increase the force of water the ring expands in size, the effect being 
analogous to an increase of exhaustion in my tubes. The extra 
velocity of the falling particles of water drives the in-coming particles 
of water before them, and raises a ridge round the side which exactly 

Fig 2 



represents the luminous halo to the dark space to be seen in this 
tube. 

If, instead of a flat disk, a metal cup is used for the negative pole, 
the successive appearances on exhausting the tube are somewhat 
different. The velvety violet halo forms over each side of the cup. 
On increasing the exhaustion the dark space widens out, retaining 
almost exactly the shape of the cup. The bright margin of the dark 
space becomes concentrated at the concave side of the cup to a 
luminous focus, and widens out at the convex side. When the dark 
space is very much larger than the cup, its outline forms an irregular 
ellipsoid drawn in towards the focal point. Inside the luminous 
boundary a dark violet light can be seen converging to a focus, and, 
as the rays diverge on the other side of the focus, spreading beyond 
the margin of the dark space ; the whole appearance being strikingly 
similar to the rays of the sun reflected from a concave mirro^ through 
a foggy atmosphere. This proves a somewhat important 'point ; it 
shows that the molecules thrown off the excited negative po^ leave it 
in a direction almost normal to the surface. 

I can illustrate this property of the molecular rays by Sn experi- 
ment. This diagram (Fig. 3) is a representation of the tube which is 
before you. It contains, as a negative pole, a hemi-cylinder (a) of 
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polished aluminium. This is connected with a fine copper wire, 6, 
ending at the platinum terminal, c. At the upper end of the tube 
is another terminal, d. The induction-coil is connected so that the 
hemi-cylinder is negative and the upper polo positive, and when 
exhausted to a sufficient extent, as is the case with this tube, the pro- 
jection of the molecular rays to a focus is very beautifully shown. 
The rays are driven from the hemi-cylinder in a direction normal to 
its surface; they come to a focus and 
then diverge, tracing their path in bril- 
liant green phosphorescence on the sur- 
face of the glass. 

You will notice that the rays which 
project from the negative pole and cross 
in the centre have a bright green appear- 
ance ; that colour is entirely due to the 
phosphorescence of the glass. At a 
very high exhaustion the phenomena 
noticed in ordinary vacuum tubes when 
tbe induction spark passes through 
them — an appearance of cloudy lumin- 
osity and of stratifications — disappears 
entirely. No cloud or fog whatever is 
seen in the body of the tube, and with 
such a vacuum as I am working with in 
these experiments — about a millionth 
part of an atmosphere — the inner sur- 
face of the glass glows with a rich green 
phosphorescence, the intensity of colour 
varying with the perfection of the vacuum. 

It scarcely begins to show much before 
the 800,000th of an atmosphere. At 
about a millionth of an atmosphere the 
phosphorescence is yory strong, and after 
that it begins to diminish until there 
arc not enough molecules left to allow 
the spark to pass. * 

I have here a tube which will servo to illustmto the dependence 
of the green phosphorescence of the glass on the degree of perfection 
of the vacuum (Fig. 4). Tho two poles are at a and 6, and at the end 
(c) is a small supplementary tube connected with the othir by a 
narrow aperture, and containing solid caustic potash. Tlie tube has 
been exhausted to a very high point, and tho potash hoate^l so as to 
drive off moisture and deteriorate the vacuum. Exhaustion has then 



' 1 *0 millionth of an atmosplion* 0*00076 mill iin. 

1315*780 millionths of an atmubpliere = 1*0 millim. 

1,000,000 „ „ „ = 700*0 milhms. 

„ „ „ „ =1 atiuobphcie. 
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been re-commonced, and tbo altornate beating and exhaustion bave 
been repeated until the tube has been brought to tbe state in which it 
DOW appears before you. When the induction spark is first turned on 
nothing is visible — the vacuum is so high that tho tube is non-con- 
ducting. I now warm the potash slightly, and liberate a trace of 
aqueous vapour. Instantly conduction commences, and tho green 
phosphorescence flashes out along the length of the tube. I con- 
tinue the heat, so as to drive off more gas from the potash. The 
green gets fainter, and now a wave of cloudy luminosity sweeps over 
the tube, and stratifioations appear. These rapidly get narrower, 
until the spark passes along the tubo in tho fonu of a narrow purple 
line. 1 take the lamp away, and allow tbe potash to cool ; as it 
cools, the aqueous vapour, which the heat had driven off, is re- 

Fio 4 



absorbed. Tho purple line broadens out, and breaks up into fine 
stratifications ; these get wider, and travel towards the potash tube. 
Now a wave of green light appears on the glass at the other end, 
sweeping on and driving the last pale stratification into tho potash ; 
and now the tube glows over its whole length with the green phos- 
phorescence. Would time allow I might keep it before you, and 
show the green growing fainter and the vacuum becoming non-con- 
dne^g ; but time is required for the absorption of the last traces of 
vapour by the potash, and I must pass on to the next subject. 

This green phosphorescence is a subject that has much occupied 
my thoughts, and I have striven to ascertain some of the laws govern- 
ing its occurrence. I soon perceived that the phosphorescence was 
not in the body of the tube itself, but was entirely on the surface of 
the glass. Another peculiarity of the rays producing this green 
phosphorescence is that they will not turn a corner in the slightest 
degr^. Here is a Y-sbaped tubo (rig, 5), a pole being at each ex- 
tremity. Tbe pole at tbe right side (o) being negative, you see that 
tbe whole of tbe right arm is flooded with green light, but at tbe 
bottom it stops sharply, and will not turn the corner to gel into the 
left side. When I reverse the current, and make the left pole^ negative, 
the ^een changes to the loft side, always following the neg$|tive pole, 
leaving the positive side with scarcely any luminosity. 

In the ordinary phenomena exhibited by vacuum tubes— phe- 
nomena with which we are all familiar — it is customary, for the 
more striking illustration of their contrasts of colour, to have the 
tubes bent into very elaborate designs. The positive luminosity 
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caused by the phosphore^ence of the residual gas follows all the 
convolutions and designs into which skilful glass-blowers can manage 
to twist the glass. The negative polo being at one end and the 
positive pole at the other, the luminous phenomena seem to depend 
more on the positive than on the negative at an ordinary exhaustion 
such as has hitherto been used to get the best phenomena of vacuum 
tubes. I have here two bulbs ( Fig. 6), alike in shape and position of 
poles, the only difference being that one is at an exhaustion equal to 
a few millimetres of mercury — such a moderate exhaustion as will 
give stratifications or the ordinary luminous phenomena — ^whilst the 
other is exhausted to about the millionth of an atmosphere. I will 


Fig. 5. 



first connect the moderately exhausted bulb with the induction-coil, 
and, retaining the pole at one side (a) always negative, I will put the 
positive wire successively to the other three polos with which the 
bulb is furnished. You will see that as 1 change the position of the 
positive pole, the line of violet light joining the two poles changes. 
In this moderately exhausted bulb, therefore, the electric current 
always chooses the shortest path between the two poles, and moves 
about the bulb as 1 alter the position of the wires. 

This, then, is the kind of phenomenon we get in ordinary exhaus- 
tions. I will now try the same experiment with a tube that is highly 
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exhausted, and, as before, will make the side pole {a') the negative, 
the top pole (5) being positive. Notice how widely different is the 
appearance from that shown by the last bulb. The negative polo is 
in the form of a shallow cup. The bundle of rays from the cup 
crosses in the centre of the bulb, and thence diverging falls on the 
opposite side as a circular patch of green light. As 1 turn the bulb 

Fig. 6. 



round you will all be able to see the faint blue focus and the green 
patch on the glass. Now observe, I remove the positive wire from 
the top, and connect it with the side pole (c). The green patch from 
the divergent negative focus is still there. I now make the lowest 
pole (d) positive, and the green patch still remains where it ^as at 
first, unchanged in position or intensity. t 

This, then, gives us another fact which brings us a little nearer to 
the cause of this green phosphorescence. It is this — that in t|ke low 
vacuum the position of the positive pole is of every impo|tance, 
whilst in a high vacuum it scarcely matters at all where the positive 
TOle is ; the phenomena seem to depend entirely on the negative polo. 
In very high vacua, such as we have been ^sing, the phenomena 
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follow altogether the negatiye pole. If the ucgative pole points in 
the direction of the positive all very well, but if the negative pole is 
entirely in the opposite direction it does not matter : the line of rays 
is projected all the same in a straight line from the negative. 

I have hitherto spoken of and illustrated these phenomena in 
connection with green phosphorescence. It does not follow, however, 
that the phosphorescence is always of that colour. This colouration 
is a property of the particular kind of glass in use in my laboratory. 
I have here (Fig. 7) three bulbs composed of different glass : one is 
uranium glass (a), which phosphoresces of a dark green colour; 
another is English glass (&), which phosphoresces of a blue colour ; 
and the third (c) is soft German glass — of which most of the appa- 
ratus before you is made — which phosphoresces of a bright apple-green 

Fig. 7. 



colour. It is therefore plain that this particular green phospho- 
rescence is solely due to the glass which I am using. Were I to use 
English glass I should have to speak of blue phosphorescence, but 
I know of no glass which is equal to the German in brilliancy. 

My earlier experiments were almost entirely carried on by the aid 
of the phosphorescence which glass takes up when it is under the 
influence of tho electric discharge in vacuo; but many other sub- 
stances possess this phosphorescent power, and some have it in a 
much higher degree than glass. For instance, here is some of the 
luminous sulphide of calcium prepared according to M. Ed. BecquereFs 
description. When it is exposed to light — even candlelight — it 
phosphoresces for hours with a rich blue colour. I have prepared a 
diagram with large letters written in this luminous sulphide ; before 
it is exposed to the light tho letters are invisible, but Mr. Gimingham 
has just exposed it in another room to burning magnesium, and now 
it is brought into the darkened theatre you will see the word “ — 

light, a very suitable word for so beautiful a phosphorescence — shining 
brightly in luminous characters. The first letter, shines with an 
orange light ; it is a sulphide of calcium prepared from oyster-shells. 
The other letters, shining with a blue light, are sulphide of calcium 
prepared from precipitated carbonate of lime. Once the phospho- 
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rescenco is excited the letters shine for several hours. I will put the 
diagram at the back, and we shall see how it lasts during the re- 
mainder of the lecture. This substance, then, is phosphorescent to 
light, but it is also much more strongly phosphorescent to the mole- 
cular discharge in a good vacuum, as you will see when I pass the 
discharge through this tube (Fig. 8). The white plate (a, h) in the 
centre of the tube is a sheet of mica painted 
over with the luminous sulphide of which the 
letter was composed in the diagram you have 
just seen. On connecting the poles with the 
coil the mica screen glows with a strong yellow- 
ish green light, bright enough to illuminate all 
the apparatus near it. But there is another 
phenomenon to which I now desire to draw 
attention : on the luminous screen is a kind of 
distorted star-shaped figure. A little in front 
of the negative pole I have fixed a star (c) cut 
out in aluminium, and it is the image of this 
star which you see on the screen. It is evident 
that the rays coming from the negative pole 
project an image of anything that happens to 
be in front of it. The discharge, therefore, 
must come from the pole in straight linos, and 
does not merely permeate all parts of the tube 
and fill it with light as it would were the ex- 
haustion less good. Where there is nothing in 
the way the rays strike the screen and produce 
phosphorescence, and where there is an obstacle 
they are obstructed by it, and a shadow is thrown 
on the screen. I shall have more to say about 
this shadow presently; I merely now wish to 
establish the fact that these rays driven from 
the negative pole produce a shadow. 

I must draw your attention to an important 
experiment connected with these molecular rays, 
but unfortunately it is a very delicate one, and 
very difficult to show to many at once ; but I 
hope, if you know beforehand what to look for, 
yon will all be able to see what I wish to 
show. In this pear-shaped bulb (Fig. 9 a) the negative polo (a) is 
at the pointed end. In the middle is a cross (h) cut out of sheet 
aluminium, so that the rays from the negative pole projected along 
the tube will be partly intercepted by the aluminium cross, ahd will 
project an image of it on the hemispherical end of the tube wliich is 
phosphorescent. I think you will all now see the shadow of the cross 
on the end of the bulb (c, d), and notice that the cross is block on a 
luminous ground. Now, the rays from the negative pole have been 
passing by the side of the aluminium cross to produce the shadow ; 


Fig 8 
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they have been hammering and bombarding the glass till it is 
appreciably warm, and at the same time they have been producing 
another effect on that glass — they have deadened its sensibility. The 
glass has got tired, if I may use the expression, by the enforced 
phosphorescence. Some change has been produced by this bombard* 

Fio. 9 A. 



ment which will prevent tlie glass from responding easily to additional 
excitement ; but the port that the shadow has fallen on is not tired — 
it has not been phosphorescing at all and is perfectly fresh ; there- 
fore if I throw this star down, — I can easily do so by giving the 
apparatus a slight jerk, for it has been most ingeniously constructed 
with a binge by Mr. Gimingham, — and so allow the rays from the 
negative polo to fall uninterruptedly on to the end of the bulb, you 
will suddenly see the black cross (c, d, Fig. 9 b) change to a luminous 

Fig. 9 b. 


O 


one (e,/), because the background is only faintly phosphorescing, 
whilst the part which had the black shadow on it retains its full 
phosphorescent powder. The luminous cross is now dying out. This 
is a most delicate and vcntiu’ous experiment, and I am fortunate in 
having succeeded so well, for it is one that cannot bo rehearsed. 
After resting for a time the glass seems to partly recover its power of 
phosphorescing, but it is never so good as it was at first. 

We have, therefore, found an important fact connected with this 
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phosphoresoence. Something is projected from the negative pole 
which has the power of hammering away at the glass in front of it, in 
such a way as to cause it not only to vibrate and become temporarily 
luminous while the discharge is going on, but to produce an im- 
pression upon the glass which is permanent. The explanation which 
has gradually evolved itself from this series of experiments is this : — 
The exhaustion in these tubes is so high that the dark space, as I 
showed you at the commencement of this Lecture, that extended 
around the negative pole, has widened out till it entirely fills the 
tube. By great rarefaction the mean free path has become so long 
that the hits in a given time may be disregarded in comparison to the 
misses, and the average molecule is now allowed to obey its own 
motions or laws without interference. The mean free path is in fact 
comparable to the dimensions of the vessel, and we have no longer to 
deal with a continuoua portion of matter, as we should were the tubes 
less highly exhausted, but we must here contemplate the molocules 
individually. At first this was only a convenient working hypothesis. 
Long-continued experiment then raised this provisional hypothesis 
almost to the dignity of a theory, and now the general opinion is that 
this theory gives a fkirly correct explanation of the facts. In these 
highly exhausted vessels the mean free path of the residual molecules 
of gas is so long that they are able to drive across from the pole 
to the other side of the tube with comparatively few collisions. The 
negatively electrified molecules of the gaseous residue in the tube 
therefore dash against anything that is in front, and cast shadows 
of obstacles just as if they were rays of light. Whore they strike the 
glass they are stopped, and the production of light acconpanics this 
sudden arrest of velocity. 

Other substances besides English, German, and uranium glass, and 
Becquerers luminous sulphides, are also phosphorescent. I think, 
without exception, the diamond is the most sensitive substance I have 
yet met for ready and brilliant phosphorescence. I have here a tube, 
similar to those already exhibited, containing a mica screen painted 
with powdered diamond, and when I turn on the coil, the brilliant 
blue phosphorescence of the diamond can be seen, quite overpowering 
the green phosphorescence of the glass. Hero, again, is a very 
curious diamond, which I was fortunate enough to meet with a short 
time ago. By daylight it is green, produced, 1 fancy, by an internal 
fluorescence. The diamond is mounted in the centre of tliis ex- 
hausted bulb (Fig. 10), and the negative discharge will be ^i^^cted 
on it from below upwards. On darkening the theatre you see the 
diamond shines with as much light as a candle, phosphorescing of a 
bright green. 

In this othef bulb is a remarkable collection of cryltals of 
diamonds, which have been lent me by Professor Maskelyne. When 
I pass the discharge over them I am afraid you will only be able 
to see a few points of light, but if you will examine thetn after 
the Lecture, you will see them phosphoresce with a most brilliant 
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series of colours — blue, apricot, red, yellowish green, orange, and 
pale green. 

Next to the diamond the ruby is one of the most remarkable 

Pio. 10. 



stones for phosphorescing. In this tube (Fig. 11) is a collection 
of ruby pebbles, for the loan of which I am indebted to my friend 
Mr. Blogg, of the firm of Blogg and Martin, who placed a small 
sackful at my disposal. As soon as 1 turn on the induction spark 
you will see those rubies shining with a brilliant rich red colour, as if 
they were glowing hot. Now the ruby is nothing but crystallised 
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alumina with a little colouring-matter, and it became of great interest 
to ascertain whether the artificial ruby made by M. Feil, of Paris, 
would glow in the same manner. I had simply to make my wants 
known to M. Feil, and he immediately sent me a box containing 
artificial rubies and crystals of alumina of all sizes, and from those 1 
have selected the mass in this tube which I now place under the 
discharge: they phosphoresce of the same rich red colour as the 
natural ruby. It scarcely matters what colour the ruby is, to begin 
with. In this tube of natural rubies there are stones of all colours — 
the deep red ruby and the pale pink ruby. There are some so 
pale as to bo almost colourless, and some of the highly-prized tint of 
pigeon’s blood ; but in the vacuum under the negative discharge they 
all phosphoresce with about the same colour. 

As I have just mentioned, the ruby is crystallised alumina. In a 
paper published twenty years ago by Ed. Becquerol* I find that he 
descril^s the appearance of alumina as glowing with a rich red colour 
in the phosphoroscope (an instrument by which the duration of phos- 
phorescence in the sunlight can be examined). Here is some chemi- 
cally pure precipitated ^umina which I have prepared in the most 
careful manner. It has been heated to whiteness, and you see it 
glows with the rich red colour which is supposed to be characteristic 
of alumina. The mineral known as corundum is a colourless variety 
of crystallised alumina. Under the negative discharge in a vacuum, 
corundum phosphoresces of a rose-pink colour. There is another 
curious fact in which I think chemists will feel interested. The 
sapphire is also crystallised alumina, just the same as the ruby. 
The ruby has a little colouring-matter in it, giving it a^^ed colour; 
the sapphire has a colouring-matter which gives it a blue colour, 
whilst corundum is white. I have hero in a tube a very fine crystal 
of sapphire, and, when I pass the discharge over it, it gives alternate 
bands of red and green. The red we can easily identify with the 
glow of alumina ; but w hat is the green ? If alumina is precipitated 
and purified as carefully as in the case I have just mentioned, but in a 
somewhat different manner, it is found to glow with a lich green 
colour. Hero are the two specimens of alumina in tubes, side by 
side. Chemists would say that there was no difference between one 
and the other ; but I connect them with the induction-coil, and you 
see that one glows with a bright green colour, whilst the other glows 
with a rich red colour. Here is a fine specimen of chemically pure 
alumina, lent n^e by Messrs. Hopkin and Williams ; by ordinary 
light it is a perfectly white powder. It is just possible that the rich 
fire of the ruby, which has caused it to bo so prized, may be due, 
not entirely to the colouring-matter, but to its wonderful power of 
phosphorescing w4th a deep red colour, not only under the electric 
discharge in a vacuum, but whenever exposed to a strong light. 

The spectrum of the red light emitted by all these varieties of 
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alumina — the ruby, corundum, or artificially precipitated alumina — 
is the same as described by Bcoquerel twenty years ago. There is 
one intense rod line, a little below the fixed line B in the spectrum, 
having a wave-length of about 6895. There is a continuous spectrum 
beginning at about B, and a few fainter lines beyond it, but they are 
so faint in comparison with this red line that 
they may be neglected. This line may be called 
the characteristic line of alumina. 

I now pass on to another fact connected with 
this negative discharge. Here is a tube (Fig. 12) 
with a negative pole (a, h) in the form of a 
hemi - cylinder, similar to the one you have 
already seen (Fig. 3), but in this case I receive 
the rays on a phosphorescent screen (c, d). See 
how brilliantly the lines of discharge shine out, 
and how intensely the focal point is illuminated ; 
it lights the whole table. Now I bring a small 
magnet near, and move it to and fro ; the rays 
obey the magi^f tic force, and the focus bonds one 
way and the other as the magnet passes it. 1 can 
show this magnetic action a little more definitely. 

Here is a long gloss tube (Fig. 13), very highly 
exhausted, with a negative pole at one end (a) 
and a long phosphorescent screen (5, c) down 
the centre of the tube. In front of the negative 
pole is a plate of mica (6, d) with a hole (e) in 
it, and the result is that when I turn on the 
current, a line of phosphorescent light (e, /) is 
project<^ along the whole length of the tube. 

I now place beneath the tube a powerful horse- 
shoe magnet : see how the line of light becomes 
curved under the magnetic influence (e, <7), waving about like a 
flexible wand as I move the magnet up and down. The action of the 
magnet can be understood by reference to this diagram (Fig. 14). 

Fig. 13. 



The north pole gives the ray of molecules a spiral twist one way, and 
the south polo twists it the other way ; the two poles side by side 
compel the ray to move in a straight line up or down, along a plane 
at right angles to the plane of the magnet and a line joining its poles. 

Now it is of groat interest to ascertain whether the law governing 
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the magnetic deflection of the trajectory of the molecules is the same 
as ‘has been found to hold good at a lower vacuum. The former 
experiment was with a very high vacuum. This is a tube with a low 
vacuum (Fig. 15). On passing the induction spark it passes as a 


Pio. 14. 



narrow line of violet light joining the two poles. Underneath I have 
a powerful electro-magnet. 1 make contact with the magnet, and 
the line of light dips in the centre towards the magnet. 1 reverse 
the poles, and the line is driven up to the top of the tube. Notice 
the difference between the two phenomena. Here the action is 
temporary. The dip takes place under the magnetic Jnfluence ; the 
line of diroharge then rises, and pursues its path to th^ positive polo. 
In the high exhaustion, however, after the ray of light had dipped to 
the magnet it did not recover itself, but continued its path in the 
altered direction. 

Fio. 15. 



During these experiments another property of this Inolecular 
discharge has made itself very evident, although 1 hav0 not yet 
drawn attention to it. The glass gets very warm where Ihe green 
phosphorescence is strongest. The molecular focus on > the tube 
which we have just seen (Fig. 12) would be intensely hot, a^d I have 
prepared an apparatus by which this heat at the focus can be in- 
teni^ed and rendered visible to all present This small tube (a) 
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which 1 can set in action by touching a hoy, and the focus is then 
drawn to the side of the glass tube (Fig. 17, 6). To show the first 
action of the heat I haye coated the tuj^ with wax. 1 will put the 
apparatus in front of the electric lantern (d), and throw a magnified 
image of the tube on the screen. The coil is now at work, and the 
focus of molecular rays is projected along the tube. I turn the 
magnetism on, and draw tho focus on the side of tho glass. The 
first thing you see is a small circular patch melted in the coating of 
wax. The glass soon begins to disintegrate, and cracks are shooting 
starwise from the centre of heat. The glass is softening. Now tho 
atmospheric pressure forces it in, and now it melts. A hole (e) is 
perforated in the middle, the air rushes in, and the experiment is at 
an end. 

Instead of drawing the focus to the side of the glass with a 
magnet, 1 will take another tube (Fig. 18), and allow the focus from 

Fio 17. Fm 18 



the cup-shai>ed negative pole (a) to play on a piece of platinum wire 
(6) which is supported in the centre of the bulb. The platinum wire 
not only gets white hot, but you can see sparks coming fromf it on all 
sides, snowing that it is actually melting. 

Hero is another tube, but instead of platinum I have put in the 
focus that beautiful alloy of platinum and indium which Mr. Matthoy 
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has brought to such pcrfoction, aud I think that I shall sucooed in 
even melting that. I first turn on the induction-coil slightly, so as 
not to bring out its full power. The focus is now playing on the 
iridio -platinum, raising it to a white heat. I bring a small magnet 
near, and you see I can deflect the focus of heat just as I did the 
luminous focus in the other tube. By shifting the magnet I can 
drive the focus up or down, or draw it completely away from the 
metal, and render it non-luminous. I withdraw the magnet, and let 
the molecules have full play again ; the metal is now white-hot. I 
increase the intensity of the spark. The metal glows with almost 
insupportable brilliancy, and at last melts. 

There is still another property of this molecular discharge, and it 
is this : — You have seen that the molecules are driven violently from 
the negative polo. If I place something in front of these molecules, 
they show the force of impact by the heat which is produced. Can I 
make this mechanical action evident in a more direct way? Nothing is 
simpler. I have only to put some easily moving object in the lino of dis- 
charge in order to get a powerful mechanical action. Mr. Gimingham, 

Fid 19. 



with great skill, has constructed a piece of apparatus which I will 
presently put in the electric lantern, so that all will be able to see its 
action. But first 1 will explain the construction by means of this 
diagram (Fig. 19). The negative pole (a, h) is in the form of a very 
shallow cup. In front of the cup is a mica screen fc, d), wide enough 
to intercept nearly all the molecular rays coming irom the negative 
pole. Behind this screen is a mica wheel (e,/) with a series of vanes, 
making a sort of paddle-wheel of it. So arranged, the molecular 
stream from the pole a h will nearly all be cut off from the wheel, and 
what escapes over and under the screen will hit the vanes equally, and 
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will not prodnco any movomont. I now put a magnet, g, over the tube, 
so as to deflect the stream over or under the obstacle c d, and the result 
will be rapid motion in one or the other direction, according to the 
way the magnet is turned. 1 now throw the image of the apparatus on 
the screen. The spiral lines painted on the wheel show which way it 
turns. I arrange the magnet to draw the molecular stream so as to 
beat against the upper vanes, and the wheel revolves rapidly, as if it 
were an over-shot water-wheel. I now turn the magnet so as to drive 
the molecular stream underneath ; the wheel slackens speed, stops, and 
then begins to rotate the other way, as if it were an under-shot water- 
wheel. This can be repeated as often as 1 like to reverse the position 
of the magnet, the change of rotation of the wheel showing imme- 
diately the way the molecular stream is deflected. 

This experiment illustrates the last of the phenomena which timo 
allows mo to bring before you, attending the passage of the induc- 
tion spark through a highly exhausted atmo 82 )hero. It will now bo 
naturally asked, What have we learned from the phenomena described 
and exhibited, and from the explanations that have been proposed ? 
We find in these phenomena confirmation of the modern views of 
matter and energy. The facts elicited aro in harmony with the theory 
that matter is not continuous but composed of a prodigious number of 
minute particles, not in mutual contact. Tho facts also are in full 
accordance with the kinetic theory of gases — to which I have already 
referred — and with the conception of heat as a particular kind of energy, 
expressing itself as a rapid vibratory motion of the particles of matter. 
This alone would bo a lesson of no small value. In Science, every 
law, every generalisation, however well established, must constantly 
be submitt^ to the ordeal of a comparison with newly-discovere^ 
phenomena ; and a theory may be pronounced triumphant when it is 
found to harmonise with and to account for facts which when it was 
propounded were still unrecognised or unexplained. 

But tho experiments have shown us more than this : we have been 
enabled to contemplate matter in a condition hitherto unknown, — in a 
fourth state, — os far removed from that of gas as gas is from liquid, 
where the well-known properties of gases and elastic fluids almost 
disappear, whilst in their stead are revealed attributes previously 
masked and unsuspected. In this ultra-gaseous state of matter 
phenomena aro perceived which in the mere gaseous condition are as 
impossible as in liquids or solids. 

I admit that between the gaseous and the ultra-gaseous state thero 
can be traced no sharp boundary ; the one merges imperceptibly into 
the other. It is true also that we cannot see or handle matter ^ this 
novel phase. Nor can human or any other kind of organic lif^ con- 
ceivable to us penetrate into regions whore such ultra-gaseous inatter 
may be suppos^ to exist. Nevertheless, we are able to observe it and 
experiment on it, legitimately arguing from tho seen to the unseen. 

Of the practical applications that may arise out of these researches, 
it would now be premature to speak. It is rarely given to tho dis- 
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coverer of new facts and new laws to witness their immediate utilisa- 
tion. The ancients showed a perhaps unconscious sagacity when they 
selected the olive, one of the slowest growing trees, as the symbol of 
Minerva, the goddess of Arts and Industry. Nevertheless, I hold that 
all careful honest research will ultimately, even though in an in- 
direct manner, draw after it, as Bacon said, “ whole troops of practical 
applications.” 
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The 0])tical Study of the Elasticity if Solid Bodies, 
Preliminary Remarks. 

All solid bodies utilized in scientific and industrial api)lications are 
more or less elastic : and it is very important, in a practical as well 
as a theoretical point of view, to bo able to predict the deformations 
due to given forces, or, conversely, to know the forces which corre- 
spond to given deformations. 

Mathematical Calculation enables us to solve both problems for 
every description of form and of force in all their details, provided 
that it borrows from experience certain results obtained in very 
simple cases. 

Iloihogeneous and Isotropic Bodies. 

An 'elastic bar urged by external traction forces extends itself 
along its largest dimensions (longitudinal extension) : at the sanio 
time, by the natural play of internal forces, its transversal dimensions 
diminish (transversal contraction). 

[Illustration of this general fact with an indiarubber bar.] 

In order to calculate all the circumstance s of dchjrmation of an 
elastic isotropic body, whatever may bo its shape and acting forces, 
it is sufficient to know the rate of longitudinal C‘xtension (modulus of 
elasticity), and its ratio to the transversal contraction. 

Various opinions amongst the Physicists upon the value of this Bath. 

A considerable number of physicists (Cagniard-Latour, Wf*rthoim, 
Prof. Kirchhoff, Dr. Everett, &c.) have made a series of experiments 
on various supposed isotropic bodies. 

The question, a very important one in a theoretical point of view, 
is to know if this ratio is a variable one according to the nature of 
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tbe substance, or an invariable one, and equal to ^ as given by tbe 
Navier’s and Green’s theories. 

Double difficulty. 1. Is tbe body really homogeneous and iso- 
tropic ? 

The metals are always annealed or crystallized : homogeneous 
glass is one of the bodies approaching nearest to theoretical isotropy. 

2. The transversal contraction is extremely small. 

Necessity of using any indirect mode of deformation to determine 
accurately the transversal contraction. 

Mode of Experiment : Circular Flexion of a Eectangular Hod. 

Tbe upper surface, primitively plane, becoming curved with two 
opposite curvatures (and not cylindrical, as commonly supposed), like 
a horse saddle. The ratio of the main radii of curvature is, according 
to a theorem due to Mr. Do St. Veuant, precisely the ratio in 
question. 

[Illustration of this general fact with an indiarubber plate.J 

Optical Methods for Testing the Deformation op the Surface 
OF Elastic Bodies. 

1. Variation of Focus of a Beatn of Light Deflected from the Polished 
Surface of the Elastic Body. 

2. Use of the Newton's Coloured Bings. 

Newton’s rings are i^roduced by illuminating with white or with 
monochromatic light the thin film of air comprised between a fixed 
surface and the exterior surface of the clastic body. 

Extreme sensitiveness of this method, according to the small 
difference of thickness, corresponding to the successive rings. 

The lines of cujual intensity of the rings correspond to the Inies of 
equal thickness of the film of air. The successive rings correspojid to 
a difference of thickness of about of a tliousandth of a millimeter (a 
hundred thousandth of an inch). 

If the fixed surface is a plane one, the appearance of the rings is 
exactly the topographic map of the deformed surface, of which the 
scale of elevation is the small length above defined. 

In a small part of the field, the rings coincide, in form, with conic 
sections, concentric with the indicalrix curve of Ch. Dupin. 

Illustration of various forms of Newton’s rings — circular, elliptic, 
hyperbolic — with monochromatic light (sodium vapour in electrical 
arc). 

Optical Method of Testing the Circulv. Flexion. 

A piece of plate-glass is used. The Newton’s rings, before 
flexion, more or less regiilai* according to the perfection of polish, 
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become, by increasmg forces, more and more regular, and take the 
form of conjugate hyperbolas, the axes of which being parallel and 
perpendicular to the main dimension of the rod. 

The trigonometrical tangent of the serai angle of the common 
asymptote converges towards the value ^ ; therefore, the ratio of the 
curvatures, and consequently the ratio in question, is with the best 
isotropic body. 

The theoretical solution of the problem seems to be in fiivour 
of Navier*8 and Green’s theories. 

Generality of the Optical Method. 

Application to the torsion of a rectangular plate. 

The shape of the deformed surface becomes a hyperbolic para- 
boloid ; but the asymptotes of the hyperbola) (and not the axis, as 
before) are parallel and perpendicular to the main dimeubioii of the 
rod. 

Fixing of the Nexvton^s Rings by Photography, 

In order to study at leisure, and with accuracy, the toyograjyhic 
surfaces of elastic deformation, it is very convenient to keep an exact 
and fixed image of the field. 

The induction spark between two poles of magnesium supplies a 
source of light which fulfils the three neeessary conditions —to bo 
intense, photographic, and monochromatic. 

Amongst the bright lines of the magnesium spectrum none is 
useful for that purpose ; the radiation utilized as a source of photo- 
graphic light is invisible, but becomes visible when 'projected on 
Prof. Stokes’s fluorescent screen. 

Though the photography of the Newton’s rings bo a delicate 
operation, the experiment will be tried before the audience. 

Newton’s rings were photographed for the first time by tlie 
illustrious Dr. Young nt the Royal Institution in the year 1803. 
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Spectrosco2)ic Investigation. 

In Kirchhoff’s celebrated paper “ On the Relation between the 
Radiating and Absorbing Powers of different Bixlics for Light and 
Heat,’* the rtrkablc experiments of reversing the bright lines of 
lithium and sodium by causing sunlight to pass through the vapours 
of those metals, volatilized in the flame of a Bunsen's burner, aro 
described. Bunsen and Kirchhoff reversed the stronger lines of 
potassium, calcium, strontium, and barium by deflagrating their 
chlorates with milk-sugar, before the slit of the solar spectroscope. 
Recent researches on the artificial formation of Fraunhofer lines 
have been made by Cornu, Lockyer, and Roberts. 

Cornu improved upon a method previously used by Foucault. 
It depends upon so armnging the electric arc that the continuous 
spectrum of the intensely heated poles is examined through an atmo- 
sphere of the metallic vapours volatilized around them. By this 
means Cornu succeeded in reversing several lines in the spectra of the 
following metals, in addition to those above mentioned, viz. thallium, 
load, silver, aluminium, magnesium, cadmium, zinc, and copper. He 
observed that, in general, the reversal began with the least refrangible 
of a group of lines, and gradually extended to the more refrangible 
linos of the group, and drew the conclusion that a very thin layer 
of vapour was sufficient for the reversal. In almost every case the 
lines reversed are the more highly refrangible of the lines character- 
istic of each metal. 

Lockyer’s plan was to view the electric arc through the vapours of 
the metals volatilized in a horizontal iron tube. The iron tube had 
its ends covered with glass plates, and was heated in a furnace, a 
current of hydrogen passing during the experiment. Ho did not 
succeed in observing any new reversal of bright lines, with the 
exception of an unknown absorption line wliich sometimes appeared 
when zinc was experimented on. Ho confirmed, however, the 
channolled-spaco absorption spectra observed by Roscoo and Schuster 
in the cases of potassium and sodium, and recorded channollcd-space 
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Spectra in the case of antimony, phosphorus (?), sulphur, and arsenic 
(probably). **As the temperature employed for the volatilization 
of the metals did not exceed bright redness, or that at which cast 
ii*on readily molts, the range of metals examined was necessfirily 
limited ; and in order to extend these observations to the loss fusible 
metals, as well as to ascertain whether the spectra of those vola< 
till zed at the lower temperature would be modified by the application 
of a greater degree of heat,” a new series of experiments were 
undertaken by Lockyer and Boberts, in which the combined action 
of a charcoal furnace and the oxy-hydrogen blowpipe was employed. 
A lime crucible after the form of Stas was used to replace the iron 
tube. By this means they obtained still no now reversal of a metallic 
line, but they observed channollod-space spectra in the cases of silver, 
manganese, chromium, and bismuth. They observed, however, that 
the metal thallium gave the characteristic bright green line, the light 
of the arc not being reversed. 

In the above-mentioned experiments, the coolness of the ends of 
the tube, which acted as condensers of the metallic vapours, and the 
continual change of density and temperature necessarily produced by 
the maintenance of a current of hydrogen through the tube, appear 
to account for the failure in observing reversals. 

The following facts have been acquired during the course of a 
long series of conjoint experiments with my distinguished colleague, 
Professor Liveing, of Cambridge.* 

In order to examine the reversal of the spectra of metallic vapours, 
it is more satisfactory to observe the absorptive effect produced on 
the continuous spectrum- emitted by the sides and end of the tube in 
which the volatilization takes place. For this purpose it is*x;onvenicut 
to use iron tubes about half an inch in internal diameter, and about 
27 inches long, closed at one end, thoroughly cleaned inside, and 
coated on the outside with borax, or with a mixture of plumbago and 
fireclay. ’ These tubes are inserted in a nearly vertical position in a 
furnace fed with Welsh coal, which will heat about 10 inches of the 
tube to about a welding heat, and observations are mode through the 
upper open end of the tube, either with or without a cover of glass 
or mica. To exclude oxygen, and avoid as much as possible variations 
of temperature, hydrogen is introduced in a gentle stream by a narrow 
tube into the upper part only of the iron tube, so that the hydrogen 
floats on the surface of the metallic vapour without producing convec- 
tion currents in it. By varying the length of the small tube con- 
veying the hydrogen, the height in the tube to which the metallic 
vapour reaches may be regulated. Thus different depths of metallic 
vapour may be maintained at a comparatively constant temperature 
for considerable periods of time. The gener^ plan of the apparatus 
is given in Plate I. (at the end of the paper). 


“ On the Reversal of the Lines of Metallic Vapours,” Nos. I., II., III., IV., V., 
VI., ‘Proc. Boy. Soc.,* 1878-1879. 
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By this means the characteristic lines of the volatile metals thal- 
lium and indium may be easily reversed. 

Metallic lithium, alone or mixed with sodium, gave no results. 
Similarly, chloride of lithium and metallic sodium, introduced together, 
gave no better results. To a tube containing mixed potassium and 
sodium vapour, lithium chloride was added. Now the bright-red 
lithium line was sharply reversed, and remained well defined for a 
long time. The lithium line was only reversed in a mixture of the 
vapours of potassium and sodium, and it seems highly probable that 
a very slightly volatile vapour may bo diffused in an atmosphere 
of a more volatile metal, so as to secure a sufficient depth of vapour 
to produce a sensible alx^rption. This would bo analogous to well- 
known actions which take place in the attempt to separate organic 
bodies of very different boiling points by distillation, where a sub- 
stance of high boiling point is always carried over, in considerablo 
quantity, with tho vapour of a body lulling at a much lower tempera- 
ture. 

Sodium and potassium, when observed in such tubes, give none of 
the appearances noted by Lockyer, “ On a Now Class of Absorption 
Phenomena,” ;u the ‘ Proceedings of the Royal Society,* vol. xxii., but 
tho channelled-space spectrum of sodium described by Roscoe and 
Schuster in the same volume of the ‘ Proceedings * was often seen. 
Potassium gives no channelled-space absorption, but continuous 
absorption in the red, and one narrow absorption band, with a wave- 
length of about 5,730, not corresponding with any bright line of that 
metal. 

The absorption spectrum of sodium vapour is by no means so 
simple as has been generally represented. The fact that the vapour 
of sodium in a flame shows only the reversal of the D lines, while the 
vapour, volatilized in tubes, shows a channelled-space absorption cor- 
responding to no known emission spectrum, appears to bo a part of a 
gradational variation of tho absorption spectrum, which may be induced 
with perfect regularity. Experiments with sodium exhibit tht> follow- 
ing succession of appearances, as the amount of vapour is gradually 
diminished, commencing from tho appearance when the tube is full of 
the vapour of sodium, part of it condensing in tho cooler portion 
of the tube, and some being carried out by the slow current of 
hydrogen. During this stage, although tho lower part of the tube 
is at a white heat, as long as the cool current of hydrogen displaced 
metallic vapour, on looking down the tube it appeared perfectly 
dark. The first appearance of luminosity is of a pui'ple tint, and, 
with the spectroscope, appears as a faint blue band, commencing 
with a wave-length of about 4,500, and fading away into the violet. 
Next appears a narrow band in the green, with a maximum of light, 
with a wave-length of about 5,420, diminishing in brightness so 
rapidly on cither side as to appear like a br ght line. This green 
band gradually widens, and is then seen to bo divided by a dark band 
with a wave-length of about 5,510. Rod light next appears, and 
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between the red and green light is an enormous extension of the D 
absorption line, while a still broader dark space intervenes between 
the green and the blue light. The dark line in the green (wave- 
length about 6,510) now becomes more sharply defined. This line 
appears to have been observed by Roscoo and Schuster, and regarded 
by them as coinciding with the double sodium line next in strength 
to the D lines, but it is considerably more refrangible than that double 
line. In the next stage, the channelled-space spectrum comes out in 
the dark space between the green and blue, and finally in the rod. 
Gradually the light extends, the channels disappear, the D lino 
absorption narrows, but still the dark line in the green is plainly 
discernible. Lastly, there is only D lines absorption. 

The method of observation described may be used to observe 
emission as well as absorption spectra ; for if the closed end of the 
tube be placed against the bars of the furnace so as to be relatively 
cooler than the middle of the tube, the light emitted by the vapours 
in the hottest part is more intense than that emitted by the bottom of 
the tube. This succeeds admirably with sodium. 

The volatility of rubidium and caesium rendered it advisable to try 
the effects first in glass tubes. For this purpose a piece of combustion 
tubing had one end drawn out and the end turned up sharply, and 
sealed off (like an ill-made combustion tube of the usual form), so as 
to produce on approximately plane face at the end of the tube ; a 
small bulb was then blown at about an inch from tlio end, and the 
tube drawn out at about an inch from the bulb on the other side, so 
as to form a long narrower tube. Some dry rubidium or crosium 
chloride was introduced into the bulb, and a fragment of fresh cut 
sodium, and the narrow part of tho tube turned up, so ^s to allow 
the tube and bulb to bo seen through in the direction of tho axis 
of the tube. The shape of tube is given in Plate I. Tho open 
end was then attached to a Sprengel pump, and tho air exhausted ; 
the sodium was then melted, and afterwards either dry hydrogen or 
dry nitrogen admitted, and the end of the tube sealed off at nearly 
the atmospheric pressure. It is necessary to have this pressure of 
gas inside tho tube, otherwise tho metal distilled so fast on heating 
that tho ends were speedily obscured by condensed drops of metal. 
Through these tubes placed lengthways in front of a spectroscope, a 
lime light was viewed. On warming tho bulb of a tube in which 
rubidium chloride had been sealed up with sodium, tho D lines were 
of course very soon seen ; and very soon there appeared two dark 
lines near the extremity of the violet light, which, on measurement, 
were found to bo identical in position with tho well-known violot 
lines of rubidium. Next appeared faintly the channelled spectrum 
of sodium in thg^ green, and then a dark lino in tho blue, ve^y sharp 
and decided, in the place of the more refrangible of tho charac- 
teristic lines of caBsium in the flame spectrum. As the toniporature 
rose, these dark lines, especially those in tho violet, became sensibly 
broaider ; and then another fine dark lino appeared in tho blue, in tho 
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place of the less refrangible of the caBsinm blue lines. During this 
time no dark line could be observed in the red ; but as the tempera- 
ture rose, a broad absorption band appeared in tho red, with its centre 
about midway between B and 0, ill defined at the edges, and though 
plainly visible not very dark. The lines in tho violet had now 
become so broad as to touch each other and form one dark band. On 
cooling, the absorption band in tho red became gradually lighter 
without becoming defined, and was finally overpowered by the chan- 
nelled spectrum of sodium in that region. The double dark line in 
the violet became sharply defined again as tho temperature fell. 
There are two blue lines in the spectrum of rubidium taken with an 
induction-coil very near the two blue lines of caesium ; but they are 
comparatively feeble, and the two dark linos in tho blue observed 
in the places of the characteristic blue lines of csgsium must have 
been due to a small quantity of caesium chloride in tho sample of 
rubidium chloride. These blue lines were not, however, visible 
when some of the rubidium chloride was held in tho flame of a 
Bunsen’s burner, nor when a spark was taken from a solution of the 
chloride ; but the more refrangible of them (Csa) was visible in the 
spark of an induction-coil, without a Leyden jar, taken between beads 
of tho rubidium chloride fused on platinum wires. 

When a tube containing caesium chloride and sodium was observed, 
in the same way, tho two dark lines in the blue were seen very soon 
after tho heating began, and the more refrangible of them broadened 
out very sensibly as tho temperature increased. Tho usual channelled 
spectrum of sodium was seen in the green, and an additional channelling 
appeared in the yellow, which may bo due to caesium or to the mixture 
of the two metals. Indeed tho caesium chloride was not free from 
rubidium, and the dark lines of rubidium were distinctly seen in 
the violet. Metallic, lithium acts on the chlorides of caesium and 
rubidium, giving the same results as sodium. 

It is remarkable that these absorption lines of caasium coincide 
with tho blue linos of caesium as seen in tho flame, not with tho 
green line which that metal shows when heated in an electric spark of 
high density. It is to be observed, however, that when sparks from an 
induction-coil without a jar are taken between beads of caesium chlo- 
ride fused on platinum wires, a spectrum similar to tho flame spec- 
trum is seen, and it is only when a Leyden jar is used that tho 
spectrum is reduced to a green line. In like manner botli tho violet 
lines of rubidium are reversed, and both those violet linos are seen 
when the spark of an induction-coil, without jar, is passed between 
beads of rubidium chloride fused on platinum wire, though only one 
of them appears when a Leyden jar is used. 

Mixtures of carbonate of caasiiun with carbon, and of carbonate of 
rubidium with cfit^bon, prepared by charring the tartrates, hoated in 
narrow porcelain tubes, placed vertically in a furnace, gave sharp 
results. A small quantity of tho caesium mixture, introduced into a 
tube at a bright red heat, showed instantly the two blue lines xeversod 
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and BO much expanded as to be almost in contact. The width of the 
dark lines decreased as the caasium evaporated, but they remained 
quite distinct for a long time. A similar eflTect was produced by the 
rubidium mixture, only it was necessary to have the tube very much 
hotter, in order to get enough of violet light to see the reversal of 
the rubidium lines. In this case the two linos were so much expanded 
as to form ono broad dark band, which gradually resolved itself 
into two as the rubidium evaporated. The reversal of these linos 
of caesium and rubidium seems to take place almost or quite as 
readily as that of the D lines by sodium, and the vapours of those 
metals must be extremely opaque to the light of the refrangibility 
absorbed, for the absorption was conspicuous when only very minute 
quantities of the metals wore present. The red, yellow, and green 
parts of the spectrum were carefully searched for absorption lines, 
but none duo to ca)sium or rubidium could bo detected in any case. 
It is perhaps worthy of remark that the liberation of such extremely 
electro-positive elements as caesium and rubidium from their chlorides 
by sodium and by lithium, though it is probably only i>artial, is a proof, 
if proof were wanting, that so-called chemical affinity only takes a 
part in det^'f^iulng the grouping of the elements in such mixtures ; 
and it is probable that the equilibrium arrived at in any such case is a 
dynamical or mobile equilibrium, continually varying with change of 
temperature. 

It is difficult to prevent the oxidation of magnesium in the iron 
tubes, and tubes wider than half an inch did not give satisfactory results. 
With half-inch tubes, the lines in the green wore clearly and sharjily 
reversed, also some dark lines, not measured, were seen in the blue. 
The sharpness of these lines depemled on the regulation of the 
hydrogen current, by which the upper stratum of vapour could bo 
cooled at will. 

(1) The absorption spectrum of magnesium consists of two sharp 
lines in the green, of which one, which is broader than tht' other, 
and appears to broaden as the temperature increases, coincides in 
position with the least refrangible of the h group, while the otlier is 
less refrangible, and has a wave-length very nearly 5,210. Those 
linos arc the first and the last to bo seen, and were first taken for the 
extreme lines of the b group. 

(2) A dark line in the blue, always more or less broad, difficult 
to measure exactly, but very near the place of the brightest blue 
line of magnesium. This line was not always visible, indeed rarely 
when magnesium alone was placed in the tube. It was better seen 
when a small quantity of potassium or sodium was added. The 
measure of the less refrangible edge of this band gave a wave-length 
of very nearly 4,616. 

(3) A third lino or band in the green rather more refrangible 
than the b group. This is best seen when poiassium and magnesium 
are introduced into the tube, but it may also bo scon with sodium 
and magnesium. The less refrangible edge of this baud is sharply 
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defined, and has a wave-length about 5,140, and ii fades away towards 
the blue. 

These absorptions are all seen both when potassium and sodium are 
used along with mgnesium, and may be fairly ascribed to magnesium, 
or to magnesium together with hydrogen. 

But besides these, other absorptions are seen which appear to be 
due to mixed vapours. 

(4) Thus when sodium and magnesium are used together a dark 
line, with ill-definod edges, is seen in the green, with a wave-length 
about 5,300. This is the characteristic absorption of the mixed 
vapours of sodium and magnesium ; it is not seen with either vapour 
separately, nor is it seen when potassium is used instead of sodium. 

(5) When potassium and magnesium are used together, a pair of 
dark lines are seen in the red. The less refrangible of these some- 
times broadens into a band with ill-defined edges, and has a mean 
wave-length of about 6,580. The other is always a fine sharp lino, 
with a wave-length about 6,475. These lines are as regularly seen 
with the mixture of potassium and magnesium as the above-mentioned 
lino (5,300) is seen with the mixture of sodium and magnesium, but 
are not seen except with that mixture. 

There is a certain resemblance between the absorptions above 
ascribed to magnesium, and the emission spectrum seen when the 
sparks of a small induction - coil, without Leyden jar, are taken 
between electrodes of magnesium. 

The coincidences of the series of tho solar spectrum hitherto 
observed have, for the most part, been with lines given by dense 
electric sparks; while it is not improbable that tho conditions of 
temperature, and the admixtures of vapours in the upper Tpart of the 
solar atmosphere, may resemble much more nearly those in our tubes. 

It became a question of interest to find tho conditions under which 
the same mixtures would give luminous spectra, consisting of the lines 
which had been seen reversed. On observing sparks from an induc- 
tion-coil taken between magnesium points in an atmosphere of hydro- 
gen, a bright lino regularly appeared, with a wave-length about 5,210, 
in the same position as one of the most conspicuous of the dark 
lines observed to bo produced by vapour of magnesium with hydrogen 
in our iron tubes. This line is best seen, i. e. is most steady, when 
no Leyden jar is used, and tho rheotome is screwed back, so that it 
will but just work. It may, however, be seen when the coil is in 
its ordinary state, and when a small Leyden jar is interposed ; but 
it disappears (except in flashes) when a larger Leyden jar is used, 
if the hydrogen bo at the atmospheric pressure. This line does not 
usually extend across tho whole interval between tho clcctrodefii, and is 
sometimes only s^n near the negative electrode. Its presence seems 
to depend on the temperature, as it is not seen continuously when a 
large Leyden jar is employed, until the pressure of tho hydrogen and 
its resistance is very much reduced. When well-dried nitrogen or 
carbonic oxide is substituted for hydrogen, this lino disappears en- 
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tirely ; but if any hydrogen or traces of moisture be present it comes 
out when the pressure is much reduced. In such cases the hydrogen 
lines C and F are always visible as well. Sometimes several fine lines 
appear on the more refrangible side of this line, between it and the h 
group, which give it the appearance of being a narrow band, shaded on 
that side. Various samples of magnesium used as electrodes, and hydro- 
gens prepared and purified in different ways, gave the same results. 

In addition to the above-mentioned line, there is also produced a 
series of fine lines, commencing close to the most refrangible line 
of the h group, and extending with gradually diminishing intensity 
towards the blue. Those lines are so close to one another, that in a 
small spectroscope they appear like a brood shaded band. Wo have 
little doubt that the dark absorption line, with wave-length about 
5,140, shading towards the blue, observed in our iron tubes, was a 
reversal of part of these lines, though the latter extend much further 
towards the blue than the observed absorption extends. 

Charred cream of tartar in iron tubes, arranged as before, gave a 
broad absorption band extending over the space from about wave- 
length 5,700 to 5,775, and in some cases still wider, with edges ill- 
defined, especially the more refrangible edge. By placing the charred 
cream of tartar in the tube before it was introduced into the furnace, 
and watcliing the increase of light as the tube got hot, this band was 
at first seen bright on a less bright backgrouii(l, it gradually faded, 
and thou came out again reversed, and remained so. No very high 
temperature was required for this, but a rise of temperature had the 
effect of widening the band. Besides this absorption, there appeared 
a very indefinite faint absorption in the red, with the centre at a wave- 
length of about 6,100, and a dark band, with a tolerably well defined 
edge on the less refrangible side, at about a wave-length of 4,850, 
shading away towards the violet. A fainter dark band was sometimes 
seen beyond, with a wave-length of about 4,645 ; but sometimes the 
light seemed abruptly terminated at about wave-length 4,850. It will 
bo noticed that these absorptions are not the same as those n when 
potassium is heated in iiydrogen, nor do they correspond with known 
emission lines of potassium, although the first, which is also the most 
conspicuous and regularly visible of these absorptions, is very near a 
group of three bright lines of potassium. It boomed probable that 
they might bo duo to a combination of potassium with carbonic oxide. 
Potassium heated in carbonic oxide in glass tubes, united readily wdth 
the gas, but the compound did not appear to volatilize at a dull red 
heat, and no absorption, not even that which potassium gives when 
heated in nitrogen under similar circumstances, could bo seen. Induc- 
tion sparks between an electrode of potassium and one of platinum 
in an atmosphere of carbonic oxide, gave the usual bright lines of 
potassium, and also a bright band, identical in position with the above- 


* With greater lUapersion this lino U soon ns the sharp edge of a sorios of very 
fine lines shading off towards tho blue like the ordinary hydrocarbon spectrum. 
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mentioned band, between wave-lengths about 5,700 and 5,775. This 
band could not be seen when hydrogen was substituted for carbonic 
oxide. A mixture of sodium carbonate and charred sugar, heated in 
an iron tube, gave only the same absorption as sodium in hydrogen. 
There were also no indications of any absorption due to a compound of 
rubidium or of caesium with carbonic oxide. 

A mixture of barium carbonate, aluminium filings, and lamp-black, 
heated in a porcelain tube, gave two absorption lines in the green, 
corresponding in position to bright lines seen when sparks are taken 
from a solution of barium chloride, at wave-lengths 5,242 and 5,136, 
marked a and /S by Lecoq de Boisbaudran. These two absorptions 
were very persistent, and were produced on several occasions. A 
third absorption lino, corresponding to line 8 of Boisbaudran, was 
sometimes seen ; and on one occasion, when the temperature was as 
high as could be obtained in the furnace fed with Welsh coal, and a 
mixture of charred barium tartrate with aluminium was used, a fourth 
dark line was seen with wave-length 5,585. This line was very fine 
and sharply defined, whereas the other three lines were ill- defined at 
the edges ; it is, moreover, the only one of the four which corresponds 
to a bright line of metallic barium. 

Repeated experiments with charred tartrates of calcium and of 
strontium mixed with aluminium gave no results ; but on one occasion, 
when sodium carbonate was used along with the charred tartrato 
of strontium and aluminium, the blue line of strontium was seen re- 
versed : and on another occasion, when a mixture of cliarred potassium, 
calcium, and strontium tartrates, and aluminium was used, the calcium 
line, with wave-length 4,226, was seen reversed. 

In order to command higher temperatures, experiments 'wore made 
with the electric arc enclosed in lime, magnesia, or carbon crucibles. 
The different forms used are represented in Plate II. Figs. 1, 2, 3, 4, 
and 5 ; and the plan for projecting reversals in Plato III. 

In the first experiments thirty cells of Grove were employed ; in 
the later ones the Siemens arc from the powerful dynamo-machine 
belonging to the Royal Institution. 

The electric arc in lime crucibles gives a very brilliant spectrum 
of bright lines, a copious stream of vapours ascending tho tube. On 
drawing apart tho polos, which could be done for nearly an inch with- 
out stopping the current, the calcium line with wave-length 4,226 
almost always appears more or less expanded with a dark line in the 
middle, both in the lime crucibles and in carbon crucibles into which 
some lime has been introduced ; the remaining bright lines of calcium 
are also frequently seen in the like condition, but sometimes the dark 
line appears in the middle of E (the more refrangible of Frau|ihofer's 
lines H), when there is none in the middle of H. On throwiiig some 
aluminium filings into the crucible, the lino 4,226 appears as a broad 
dark band, and both H and E, as well as the two aluminiutn lines 
between them, appear for a second as dark bands on a continuous 
background. Soon they appear as bright bands with dark middles ; 
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gradually tho dark line disappears from H, and afterwards from E, 
while the aluminium lines remain with dark middles for a long time. 
When a mixture of lime and potassium carbonate was introduced 
into a carbon crucible, tho group of throe linos with wave-lengths 
4,425, 4,434, and 4,454 were all reversed, the least refrangible being 
the most strongly reversed, and remaining so longest, while the most 
refrangible was least strongly reversed, and for the shortest time. 

When aluminium was put into the crucible, only tho two lines of 
that metal between H and K were seen reversed. The lines at the 
red end remained steadily bright. 

When magnesium was put into a lime crucible, tho 6 group 
expanded a little without appearing reversed, but when some alumi- 
nium was added, the least refrangible of tlio three lines appeared 
with a dark middle, and on adding more magnesium tho second line 
put on the same appearance; and lastly, tho most refrangible W'as 
reversed in like manner. Tho least refrangible of tho three remained 
reversed for some time ; and the order of reversibility of tho group is 
that of refrangibility. Of the other magnesium lines, that in tho 
yellowish-green (w'ave-length 5,527) was much expanded, while the 
blue line (wave-length 4,703), and a line still more refrangible than 
the hitherto recorded lines, with wave-length 4,354, were still more 
expanded each time that magnesium was added. 

The following experiments w’cre made in carbon crucibles : — 

With strentia the lines with wave-lengths 4,607, 4,215 and 4,079 
were all seen with dark lines in tho middle, but no reversal of any 
strontium lino less refrangible could be seen. 

A mixture of barium and potassium carbonates produced the 
reversal of the lines with wave-lengths 5,536 and 4,933. When 
barium chlorate was dropped into a crucible, tho four lines with 
wave-lengths 4,553, 4,933, 5,545, and 5,518 w^erc reversed. 

To observe particularly the elfcets of potassium a mixture of lime 
and potassium carbonate previously ignited was thrown in. Tho violet 
lines of potassium, wave-length 4,044, came out immediately as a broad 
black band, which soon resolved into two narrower dark bands having 
wave-lengths nearly 4,042 and 4,045. On turning to the red end tho 
two extreme red lines were both scon reversed. No lines of potassium 
between the two extremes could bo scon reversed, but the group of 
three yellow lines were all expanded, though not nebulous, and other 
lines in tho green were seen much expanded. 

Sodium carbonate gave only tho D lines reversed, though tho other 
lines were expanded, and tho pairs in the green liad each become 
a very broad nebulous band, and D almost as broad a black band. 
When sodium chlorate was dropped into a crucible, tho pair of linos 
with wave-lengths 5,681, 5,687, were both momentarily revetsod, tho 
latter much more strongly than the former. 

When a very little charred rubidium tartrate was put in, tho two 
violet lines were sharply reversed, appearing only as black lines on 
a continuous light background. Turning to tho red end, the more 
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refrangible of the two lines in the oxtromo red (wave-length 7,800) was 
seen to have a decided dark lino in the middle, and it continued so for 
some time. The addition of more rubidium failed to cause any reversal 
of the extreme rod lino, or of any but the three lines already mentioned. 

On putting lithium carbonate into the crucible, the violet line 
of lithium appeared as a nebulous band, and on adding some alu- 
minium this violet band became enormously expanded, but showed no 
reversal. The blue lithium lino (wave-length 4,604) was well reversed, 
as was also the rod line, while a fine dark line passed through the 
middle of the orange line. On adding a mixture of aluminium filings 
and the carbonates of lithium and potassium, the red lino became a 
broad black band, and the orange line was well reversed. The green 
lino was exceedingly bright, but not nebulous or reversed, and the violet 
lino still remained much expanded, but unreversed. 

Metallic indium placed in the crucible gave the lines with wave- 
lengths 4,101 and 4,509, and both were seen strongly reversed. No 
other absorption line of indium could be detected. 

In some cases a current of hydrogen or of coal-gas was intro- 
duced into the crucibles by means of a small lateral opening, or by 
a perforation .through one of the carbon electrodes, as is shown in 
l^late II. Fig. 4 ; sometimes the perforated carbon was placed 
vertically, and we examined the light through the perforations. 
When no such current of gas is introduced, there is frequently a 
flame of carbonic oxide burning at the mouth of the tube. Tho 
current of hydrogen produces very marked effects. As a rule, it 
increases the brilliance of tho continuous spectrum, and diminishes 
relatively the apparent intensity of tho bright lines, or makes them 
altogether disappear with tho excei)tion of the carbon lines. When 
this last is the case, tho reversed lines are scon simply as black 
lines on a continuous background. The calcium lino with wave- 
length 4,226 is always seen under these circumstances as a more 
or less broad black band on a continuous background, and w'hen 
the temperature of the crucible has risen sufficiently, the lines 
with wave-lengths 4,434 and 4,454, and next that with wavt-length 
4,425, appear as simple black lines. So, too, do tho blue and red lines 
of lithium, and the barium line of wave-length 5,535, appear steadily as 
sharp black lines, when no trace of tho other lines of these metals 
either dark or bright, can be detected. Dark bands also frequentl/ 
appear, with ill-defined edges, in the positions of tho well-known bright 
green and orange bands of lime. 

With sodium chloride, tho pair of lines (5,687, 5,681) next more 
refrangible than the D group were repeatedly reversed. In every 
case tho less refrangible of the two was the first to be seen reversed, 
and was the more strongly reversed, as has also been observed by 
Mr. Lockyor. But our observations on this pair of lines difter from 
his in so far as he says that “ tho double grt- u line of sodium shows 
scarcely any trace of absorption wlien tho lines are visible,** while we 
have repeatedly seen tho reversal as dark lines appearing on the 
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expanded bright lines ; a second pair of feint bright lines, like ghosts 
of the first, usually coming out at the same time on the more 
refrangible side. 

Potassium carbonate gave, besides the violet and rod lines which 
had been reversed before, the group, wave-lengths 6,831, 6,802, and 
6,872, all reversed, the middle line of the throe being the first to show 
reversal. Also the lines wave-lengths 6,913, 6,946, well reversed, 
the less refrangible remaining reversed the longer. Also the group, 
wave-lengths 6,363, 6,338, 5,319 reversed, ti^e most refrangible not 
being reversed until after the others. Also the line wave-length 
6,112 reversed, while two other lines of this group, wave-lengths 5,095 
and 6,081, were not scon reversed. 

Using lithium chloride, not only wore the red and blue lines, as 
usual, easily reversed, and the orange line well reversed for a long 
time, but also the green line was distinctly reversed ; the violet line 
still unrevorsod, though broad and expanded. Had this green lino 
belonged to caesium, the two blue lines of that metal which are so 
easily reversed could not have failed to appear; but there was no 
trace of them. 

In the case of rubidium, the less refrangible of the red lines 
was well reversed as a black lino on a continuous background, but 
it is not easy to got, even fi*om the arc in one of our crucibles, 
sufficient light in the low red to show the reversal of the extreme ray 
of this metal. 

With charred barium tartrate, and also with baryta and aluminium 
together, the reversal of the line with wave-length 6,406 was observed, 
in addition to the reversals previously described. The less refran- 
gible lino, wave-length 6,677, was not reversed. 

With charred strontium tartrate, the lines with wave-lengths 
4,812, 4,831, and 4,873, were reversed, and by tlio addition of 
aluminium, the line wave-length 4,962 was reversed for a long time, 
and also the lines wave-lengths 4,896, 4,868. 

On putting calcium chloride into the crucible, the line wave- 
length 4,302 was reversed, this being the only one of the well-marked 
group to which it belongs which appeared reversed. On another 
occasion, when charred strontium tartrate was used, the line wave- 
length 4,877 was seen reversed, as well as the strontium line near it. 
The lines wave-lengths 6,161, 6,121, have been seen momentarily 
reversed. 

With magnesium, when a stream of hydrogen or of coal-gas was 
led into the crucible, the line wave-length 5,210, previously seen 
in iron tubes, and ascribed to a combination of magnesium with 
hydrogen, was regularly seen, usually as a dark lino, soinetimes 
with a tail of fine dark lines on the more refrangible side sitnilar to 
the tail of bright lines seen in the sparks taken in hydrogen between 
magnesium points. Sometimes, however, this lino (6,210) was seen 
bright. It always disappeared when the gas was discontinued, and 
appeared again sharply on readmitting hydrogen. These effects were 
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however, only well defined in crucibles having a height of at least 
8 inches above the arc. 

On putting a fragment of metallic gallium into a crucible, the less 
refrangible line, wave-length 4,170, came out bright, and soon a dark 
line appeared in the middle of it. The other line, wave-length 4,031, 
showed the same effect, but less strongly. 

Reviewing the series of reversals which have been observed, in 
many cases the least refrangible of binary groups is the most easily 
reversed, as has been previously remarked by Cornu. 

Making a general summation of the results respecting the alkaline 
earth metals, potassium and sodium, having regard only to the 
most characteristic rays, which for barium may be taken as 21, for 
strontium 34, for calcium 37, for potassium 31, and for sodium 12, 
the reversals number respectively 6, 10, 11, 13, and 4. That is in 
the case of the alkaline earth metals about one-third, and these 
chiefly in the more refrangible third of the visible spectrum, the 
characteristic rays remaining unreversed in the more refrangible 
part of the spectrum being respectively 2, 5, and 4. 

The curious behaviour of the lines of different spectra with regard 
to reversal induced a comparison with the bright lines of the chromo- 
sphere of the sun, as observed by Young. It is well known that some 
of the principal lines of the metals giving comparatively simple 
spectra, such as lithium, aluminium, strontium, and potassium, are not 
represented amongst the dark lines of Fraunhofer, while other lines 
of those metals are seen : and an examination of the bright chromo- 
spheric lines shows that special rays highly characteristic of bodies 
which appear from other rays to be present in the chromosphere are 
absent, or are less frequent in their occurrence than others. 

In the following table the relation between the observations on 
reversals and Young’s on the chromospheric lines is shown. 


LiDPS in 
Wave-Lengths 

Frequency 
in (Jliniuio- 
spherc 

UeliaMour. 

ReTi rsal iii our Tubes. 

Rcmtirku. 

Sodium G,1601 

0,151 


0 

Expanded. 

Principal ray. 

D 

50 

Most easy 

5,087 1 
5,081 J 

[ 

2 

Difficultly reversed. 


6,155 1 
5,152 J 

[ 

2 

Very diffused. 


4,983 1 

1 

n i 



4,982 J 

\ 


i» »» 


Lithium .. 0,705 


0 

Readily reversed .. 

Most characteristic. 



at lo^ tempi rature 
and low densitv. 



0,101 

3 

Difficultly re versed. 


4,972 

0 

»» »• 


4.603 

0 

Readily reversed. 

Described by Bois- 

4,130 


0 

Very diffused 



baudran. 
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Linos Id 
Wave-Lengths, 

Frequency 
in Cbromo- 
sphcru. 

nehaviour. 

Reversal in our Tubes. 

Remarks. 

Magnesium 5,r>27 

40 

Expanded. 


6, 5,183 

50 

Reversed 

1 

5,172 

50 

r - - r 

>Most characteristic. 

\ 5,167 

30 

Difficultly reversed 

1 

4,703 

0 

Much expandid. 


? 4,586 

0 


Doubtful whether 




due to magiie>ium. 

4,481 

0 

Not scon cither bi igh t 

Cliamcleristic of 



or reversed. 

spark ahscut iu arc. 

Barium . . 6,677 

25 

0 

May be either Ba or 




Sr. 

6,406 

IK 

llevcrs>cd. 

,, j, 

6,140 

25 

0 


5,534 

50 

Readily revi isod . 

Most persistent. 

5,518 

15 

Rovtrsed. 


4,033 

30 


Well-marked ray. 

4,800 

30 

0 


4,553 

10 

Pretty readily re- 




versed. 


Strontium 6,677 

25 

0 

May bo Sr or Ba. 

6,106 

18 

0 


4,002 




4,805 




4,873 1 
4,868 / 


Rov< rscd. 


4,812 




4,831 j 




4,607 

0 

Readily and strongly 

IMost clThmcteristic. 



leversed. 


4,215 

40 

Readily reversed . . 

Well marked. 

4,077 

' 25 

» 


('alriuni .. 6,161 

8 

Reversed difficultly 

Very bright. 

6,121 

5 

,, „ 


5,587 

2 

Doubtful r(*veraal. 


5,188 

10 

Re versed. 


4,877 




4,587 

2 

0 


4,576 

4 

0 


4,453 

0 

Readily rover <^0(1. 


4,435 

1 

„ „ 


4,425 

2 

>» »» 


4,302 




4,226 

3 

Most easily reversed 

Very chnractorislic. 

4,005 (?) 

0 

Strongly reversed. 


3,068 

75 

Well reversed. 


3,033 

50 

Rather more retidily 




than the last. 


Aluminium 6,245 

8 

0 

Strong lines 

6,237 

8 

0 


3,061 \ 
3,943 / 

0 

Strongly reversed . . 

Very marked. 
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Linos in 


I'Kqiu ncy 
In ( inuniu- 
bplli t( 


B< liavioiir 

llevirbal in oui lubrs 


Romm ks. 


r<)tabbiiim 7,G70\ 
7,700/ 
r),94r,\ 
0.013/ 
5,872, 
5,831 
5,8021 
5,353) 
5 338 1 
5,3 10 1 
5,112 
4,01 i\ 
4,012/ 


0 Strongly reveibcd , 
UcviThcd. 


Cliirf i*nys 


\Vi 11 marked. 


C.r^inin .. 5,000 
4,.555 


10 0 

10 b'tioiigly rt'ver^^od .. mtuked. 


The groviji calcium, barium, aud strontium on the one band, and 
sodium, lithium, magnesium, and hydrogen, on the otlur, seem to 
behave in a similar way in the ehromosphorc of the sun; but before 
definite conclusions can be reached regarding the sequence of tho 
reversals, a further series of long and laborious experiments must bo 
executed. 


[J. D.] 


Friday, January 16, 1880. 

George Busk, Esq. F.B.S. Treasurer and Vice-President, 
in the Chair. 

Professor James Dewar, M.A. P.K.S. 

FOLLBRIAN PROFESbOR OF GREMISTRT R I. 

(Abstract.) 

Investigations at High Temperatures, 

I INTEND to discuss on the present occasion the results of a preliminary 
study of the chemical interactions taking place at the temperature of 
the electric arc, and the inferences which can be deduced from a series 
of radiation experiments as to the probable temperature of this source 
of heat. 

On the Formation of Hydrocyanic Acid in the Electric Arc, 

The conclusion that the so-called carbon spectrum is invariably 
associated with the formation of acetylene/ induced me to try and 
ascertain whether this substance can be extracted from the olectnc 
arc, \^hich invariably shows this peculiar spectrum at the positive 
pole, when it is powerful and occasionally intermittent. For this 
purpose the carbons were used in the form of tubes, as shown in the 
following figure, so that a current of air could bo drawn by means of 
an aspirator through either polo, and the products thus extracted 
from the arc, collected in water, alkalies, and other absorbents. Gases 
may be led through one of the poles, and suction induced through tho 
other, in order to examine their eficct on tho arc and tho products 
obtained from it. 

The following results were obtained by means of the Siemens and 
De Meritens magneto-machines, recently presented to tho Royal Insti- 
tution through the munificence of tho Duke of Northumberland and 
Mr. Siemens : — 

Air drawn byian aspirator from the arc through a drilled liegativo 
carbon, and the gases passed through potash, iodide of potassium, and 


As suggestetl by Plucker, AugstrOm, and TLalcii 




LIBRARY OF SCIENCE 8 1 

starch paste, gave no reaction for tho presence of nitrites. The potash 
contained sulphides. 

Hydrogen led in through tho positive pole, and the gases extracted 
as above gave tho well-known acetylene compound with amraoniacal 
Biib-chlorido of copper ; while, at the same time, a wash-bottle con- 
taining water gave distinct evidence of the presence of hydrocyanic 
acid. 

Fjg 1. 



A hydrogen flame burning between tho carbon poles gave no sul- 
phides or hydrocyanic acid, when treated in the above manner. Tho 
condensed water from the combustion gave the reaction for nitiitcs. 

Air drawn through tho negative carbon gave considerable v^uanti- 
ties of hydrocyanic acid, which was greatly increased by extracting 
the gases through tho positive carbon. Air was aspirated at tho rate 
of about one litre per minute. 

Tho same carbons used with tho long arc of the Do Meritens 
magneto-machino gave no hydrocyanic acid. 

Carbons purified in chlorine and hydrogen gave with De Meritens 
arc nothing ; with Siemens* and a draught of air through the negative 
pole, a small quantity of hydrocyanic acid, but a larger yield when 
the positive polo was used. The gases extracted from the arc after 
tho absorption of tho hydrocyanic acid contained acetylene. If tho 
carbons nro not purified, sulpliurettod hydrogen is always found along 
with tho other gases. ^ 

Tho inference drawn from the above experiments is that tho high 
tomporature of the positive pole is required to produce the reaction, 
which is in all probability the result of acetylene reacting with free 
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nitrogen’, as when induction sparks are papsed through the mixed 
gases, viz. : — 

C*H, + N, = 2HCN, 

and that the hydrogen is obtained from the decomposition of aqueous 
vapour, and the combined hydrogen in the carbons. It is possible 
that traces of alkaline salts in the carbon poles may favour the forma- 
tion of hydrocyanic acid, but, as all attempts to purify the poles so as 
to stop the reaction failed, I am inclined to believe it is a direct 
synthesis. The acetylene reaction is one of the many remarkable 
syntheses discovered by Professor Bertholot, of Paris. The presence 
of sulphuretted hydrogen is doubtless duo to the reduction of the 
sulphates, invariably present in the ash of the carbon. 

The discovery of the formation of hydrocyanic acid in the electric 
arc necessitated a more complete examination of the various reactions 
taking place in the arc with poles of various kinds, and in presence of 
different gaseous media. 

Various difficulties have impeded the satisfactory progress of the 
investigation. During the course, however, of numerous experiments, 
facts of interest have been recorded which are worthy of appearing as 
preliminary results in a very extensive and difficult research. 

Formation of Cyanogen Compounds, 

The influence of impurities in the carbon on tho production of 
hydrocyanic acid had first to bo ascertained. For this purpose, drilled 
Siemens’ carbons were placed in a porcelain tube, and treated for 
several days at a white heat with a rapid stream of chlo^no, until tlio 
greater part of the silica, oxide of iron, alumina, &c., were volatilized 
in the form of chlorides. Sometimes tho carbons had a subsequent 
treatment with hydrogen, or were directly treated with a current of 
chlorine while the arc was in operation. 

Carbons treated in this way continued to yield hydrocyanic acid, 
when a steady current of air was drawn through the positive polo 
as formerly described, even when the same pole had several succes- 
sive treatments with chlorine during tho electric discharge. Natural 
graphite poles gave tho same result. 

As it was evident that the elimination of a largo portion of the 
impurities had little influence on the production of the hydrocyanic 
acid, tho only other explanation of its formation appeared to be the 
presence of aqueous vapour, and organic impurities in tho air, or a 
direct formation of cyanogen from carbon and nitrogen through tho 
acetylene reaction formerly described. To obtain a pure nnd dry 
atmosphere in which such experiments could be carried out, tho follow- 
ing apparatus w«b employed . — 

A tin vessel, Fig, 2, about 2 feet high and 1 foot in diameter, had 
an annular space, through which a constant stream of water was kept 
flowing. This cylinder was placed upon a porcelain stand, having a 
narrow groove filled with mercury, so as to make an air-tight joint. 
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The lamp was placed inside this vossel, the wires connecting it with 
the machine being brought through the bottom of the stand. A tube 
passed through the porcelain base, which allowed a current of dry air 
to be forced through the vessel. A small aperture in the top of the 
tin vessel allowed the glass tube coming from the positive pole to pass 
with little friction, through which the products from the arc were 
drawn. This annular vessel was very convenient, not only for exa- 
mining the products formed in the arc, but also those formed outside 
of it, and the water flowing round it served the double purpose of 
keeping it cool and enabling a determination of the amount of total 
radiation in heat units to bo made. 

Fio. 2. 


B 



Vessels containing pumice moistened with sulphuric acid and 
phosphoric anhydride were placed inside the cylinder in order to dry 
the interior as completely as possible. 

Numerous experiments made by forcing lu^rfectly dry air into the 
vessel through the tube A, and drawing it out by the tube B through 
a weighed sulphuric acid bulb, gave after an hour a few milli^ams 
of increase, owing, no doubt, to some slight defect in the soldering of 
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the tin, which allowed a oapillfl^ film of water to cover part of the 
surface and diffuse into the interior. 

When the ordinary Siemens* carbons were used as poles in this 
almost dry atmosphere, the yield of hydrocyanic acid was still very 
marked, purified carbons yielding the same results. 

As the yield of cyanogen compounds did not appear to be dimi- 
nished, and it seemed almost impossible to get the large volume of 
air in the tin vessel perfectly dry, another plan was adopted. The 
poles were enclosed in an egg-shaped glass globe about 8 inches long 
and 6 inches in diameter, in order to diminish the volume of air to be 
dried and dispense with the water covering. The globe, balanced 
through a system of pulleys, was firmly attached to the lower or nega- 
tive pole, with which it moved without impeding the automatic action 
of the lamp. 

Dry air was sometimes forced through the negative carbon itself, 
at other times through a glass tubo passing up the side of it into the 
globe, the products from the arc being drawn through the positive 
pole as before. 

As the glass globe soon became very hot, and as a far larger 
supply of dry air was forced through the globe than was drawn out 
from the arc, it is inconceivable that any moisture could remain near 
the arc after it had boen in operation for a few minutes. 

Seven consecutive experiments, each of ten minutes* duration, 
made with the same purified carbon poles, did not show any diminu- 
tion in the quantity of hydrocyanic acid, unless in one of the experi- 
ments, when the arc would not be drawn into the interior of the carbon 
tube, but persisted in rotating round it.* 

These experiments show that drilled carbons even after prolonged 
treatment with chlorine, still contained a quantity of combined 
hydrogen, and organic' analyses showed that the amount of ash and 
combined hydrogen in the various samples was never less than about 
0*75 of the former, and as much as 0*1 of the latter. Poles made 
with especially purified carbon by Messrs. Siemens for these experi- 
ments proved to bo no better in respect to the quantity of hydrogen 
and ash they contained. 

The well-nigh impossible problem of eliminating hydrogen from 
masses of carbon such as can be employed in experiments of this kind, 
proves conclusively that the inference drawn by Mr. Lockyer,t as to 
the elementary character of the so-called carbon spectrum from an 
examination of the arc in dry chlorine, cannot be regarded as satis- 
factory, seeing that undoubtedly hydrogen was present in the carbon, 
and in all probability nitrogen in the chlorine. i 


* Cyanogen is difficult to reoo^ize in presence of prussic acid when tn small 

J uantity, especially when impurities from the carbons complicate tli^ tests, 
n speaking generally of the formation of this acid in the arc, I do ndt mean 
to exclude the possibility of cyanogen being formed as well. 

t “ Note on the Existence of Carbon in the Coronal Atmosphere of the Sun,” 
Proc. Boy. Soc.,’ vol. xxvii. p. 308. 
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Experiments with Carbon Tubes. 

In order to ascertain whether the formation of hydrocyanic acid 
and acetylene in the arc was really duo to transformations induced by 
some occult power located in the arc, or was simply the result of the 
high temperature attained by the carbons, experiments were made 
in carbon tubes, the arc being merely used as a means of heating. 
The method of arranging the arc for this experiment is represented 
in Fig. 3. 

Fkj 3. 



A block of lime about 5 inches long by 3 inches thick was drilled 
horizontally, as shown in the drawing, another hole being drilled so 
as to meet it in the centre of the moss. 

The new bricks used in the Bessemer converters do very well for 
all the experiments of this description. 

A drilled purified carbon was placed in the horizontal channel and 
made the positive pole, the negative pole being a solid rod of carbon 
passing through the vertical aperture. Gases were passed through 
the positive carbon, and were thus subjected to the intense heat of the 
walls of the tube, the arc passing outside. 

The walls of the positive carbon were pierced by the arc with 
great rapidity, not lasting, as a rule, more than fifteen minutes. This 
action could only be retarded by using thicker carbons, or by rotating 
the tube. 

The porosity of the carbons, which allowed a constant diffusion of 
gases through their walls, was a great source of difficulty. 

In order to prove that the temperature in the interior of the 
carbon tube is higher than that of the oxyhydrogon flame, it is suffi- 
cient to place in it a few small crystals of diamond, and to maintain 
a current of hydrogen to prevent oxidation. In a few minutes the 
diamond is transformed into coke. 

On passing a mixture of three volumes hydrogen and one volume 
nitrogen thoroughly dried through the positive pole, a large yield of 
hydrocyanic acid was always obtained, and on using equal volumes 
of hydrogen and nitrogen the quantity was, if anything, increased. 

Pure dry hydi’ogon by itself gave a truce of hydrocyanic acid, and 
a considerable quantity of acetylene. 
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Pure dry air gave no hydrocyanic acid or acetylene ; moist air, on 
the contrary, giving abundance of the former, but only a trace of the 
latter. 

The yield in all these experiments altered considerably with the 
rate at which the gases were passed, a quick stream always producing 
more than a slow one, unless when oxygon was present. 


Tormationi of Nitrites in the Arc, 

In these experiments the annular vessel was made use of, in which 
the lamp was allowed to work automatically, often for an hour or 
two. A continuous stream of dry air was kept circulating through 
the interior, being afterwards passed through a series of wash bottles 
containing dilute caustic soda, or directly through strong sulphuric 
acid, to absorb the oxides of nitrogen. The nitrous acid was esti- 
mated in the former case by titration with permanganate of potash, 
and the total combined nitrogen by the mercury process. 

In this way many experiments were made with a Siemens lamp, 
both with a long and short arc; Jablochkoff^s candles without any 
insulating material between the poles were also employed with the 
highest intensity current of a Do Meritens machine, in order to have 
the greatest variety in the character of the discharge. 

The stream of dry air was forced through the vessel at varying 
degrees of speed, and was found to have a decided etfect on the 
quantity of nitrites produced, the more rapid stream giving the largest 
yield of nitrites. 

The following table gives the amount of the nitrous acid produced 
in a number of different experiments. 

The nitrites are calculated as nitrous acid. 


1. Siemens’ machine and lamp. 2. JablochkofTs candles. 



Nttritcn pnxluced in 1 hour. 

1 

1)< Mfiitc’iia' 


Sic nif iih’ 
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[light St liih nsity 
( 111 nut. 

Ist exp«"iimeiit 
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milligram^ 

28 
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97 
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73 
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90 
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474 

85 

1 1006 

7th 

380 

. . 

1257 

8th „ = 

459 
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9th 



664 
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509 raraii I 
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In these experiments, the total nitrogen estimated by the mercury 
process was almost identically the same as the amount of nitrogen 
obtained by a very careful dilution of the acid in a large quantity of 
water and titration with permanganate, proving that the main product 
was nitrous anhydride, which may bo explained by the fact that the 
quantity of oxygon in presence of nitrogen in the immediate neigh- 
bourhood of the poles is greatly diminished by the combustion of the 
carbons, or that the nitric peroxide formed is subsequently reduced 
by contact with the red hot carbon, or other reducing products. 

It is thus proved the carbon, nitrogen, oxygen, and hydrogen being 
present at the temperature of the electric arc, the compound sub- 
stances hydrocyanic acid, acetylene, and nitrous acid are invariably 
formed. 

Radiation Experiments, 

In a report to the British Association * on the determination of 
high temperatures in the year 1873, it was experimentally proved 
that the law of Dulong and Petit could not be used as a basis for the 
estimation of high temperatures, seeing that it “ gives a far too rapid 
increase for the^^otal radiation.” It was further observed that the value 
of the radiation emitted by the same substance at different temperatures 
expressed in terms of the thermo-electric current increase of intensity, 
plotted in terms of the temperature, represented a “ parabolic curve.” 
Assuming the general accuracy of this law for high temperatures, the 
total radiation may bo taken as nearly proportional to the square of 
the temperature. From this law the hypothetical temperature of the 
sun was “ estimated as at least 11,000 C.” Rosetti has recently made 
a more elaborate investigation on the subject, and has arrived inde- 
pendently at a formula of a parabolic order. Rosetti f represents his 
results by the equation — 

fi = aT*(T - 0) - 6(T - 0), 

where /x is the total radiation measured by intensity of thermo- 
electric current, T® the absolute temperature of the source, 6^ that of 
the medium surrounding the pile, and a and h constants. However 
well this formula may represent the complete series of the experi- 
ments, it is certain that his results for temperatures above 150^ may 
be expressed within the limits of probable error as proportional to the 
square of the temperature. To be convinced of this, it is sufficient to 
plot the logarithm of the respective values of the radiation and tem- 
perature, when it will be found the results arrange themselves in a 
straight line, the tangent of which may be 1 * 9 or 2 for the observa- 
tions above 150°. Experiments made with the thermopile, surrounded 
with an annular vessel, through which a continuous current of water 

* Report of the Committoo for determining High Temporaturcs by means of 
the Refrangibility of the Light evolved by Fluid or Solid Substances. Bradfoid, 
1873. Page 481. 

t “ Rochorclios ExjxJrimcntalosi sur U Tcnqx.'r.ituio du Soloil ” (Acc.id. R, dei 
Liucei. 1877-78). 
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at constant temperature is caused to circulate, as roprosonted in 
Fig. 4, where EF represents tho section of tho vessel, and CD a large 
water screen, on the same plan, each having a narrow opening, about 
half an inch in diameter, through whieh the radiant heat passed to 
the pile, have confirmed the earlier results. The vessel holding tho 

Fro. 4. 


/\ 


mercury or other substance to be heated to difibrent temperatures has 
a radiating face, which was made of tho sheet iron used in tho con- 
struction of telephone plates, and the thermometer must bo placed 
close to tho back of the front surface, and tho face guarded with a 
screen, FG. Tho tube, CE, is connected with a condenser, when 
substances at their boiling point are employed for giving fixed points. 
The form of the apparatus is shown in Fig. 5. 

. Fio. 5. 



This arrangement of the apparatus is necessary in order to get 
anything like comparable results. The two following tables give tho 
records of two series of experiments, without any correction being 
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mode in the numbers representing the deviation s of the Thomson 
galvanometer : — 

Table I. 


Tenjppiaturc. 

Dcvidtlun. 

Diffoience. * 

Teim«Mttlure. 

Deviation. 

Difference. 

«» 

80 

32 

6-5 

ICO 

95-5 


00 

38*5 

00 

170 

106 


100 

44*5 

0*5 

180 

117 


110 

52 

7-5 

190 

130*5 


120 

50-5 

70 

200 

143*5 


130 

00*5 

90 

210 

l.^S 


110 

75-5 

9-5 

220 

172*5 


150 

80 

1 10*5 

1 230 

] 

188 

■■ 


Table II. 


i 1 mpciatuie. j 

lX‘viation 

I'eniperdtUTe. 

Deviiitiun. 

0 




100 1 

21 

200 

71 

120 1 

29 

220 

80 

150 1 

41 

355 

240 

100 1 

40 

418 

370 

180 

57 




If the differences in the galvanometer readings for every ten 
degrees in the first tablo be tabulated, it will be observed the second 
difference may bo regarded as constant, considering the errors of this 
kind of observation. A parabolic formula can therefore represent the 
results with sufficient accuracy. These second differences are far more 
constant than similar numbers deduced from Rosetti's observations, 
and his more complete formula in terms of the absolute temperature 
is too extensive, considering the range of the experiments whore tem- 
perature was accurately known. Tho results of Table II. extend to 
the boiling points of mercury and sulphur, and the numbers are in near 
accord with the simple square of the temperature. The alteration in 
tho condition of the radiating surface nt high temperatures causes 
great complications, and until this difficulty is overcome, experiments 
at high temperatures must remain uncertain. All the experiments 
show that for an approach to a knowledge of temperatures beyond the 
range of our actual thcrmometric scale, the law given in 1873 is a 
sufficiently correct reproduction of tho facts, considering tho limited 
data at our disposal. 

Tho intensity of tho radiation of tho positive pole of the Siemens* 
arc, as compared with tho same surface heatew.1 with a large oxy- 
hydrogon blowpipe, was determined by employing a hollow negative 
carbon which allowed tho intensely heated surface to radiate directly 
on to tho pile, as shown in Fig. 4. A largo number of observations 
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have been made by this method at different times, and with slight 
modifications in the order of the experiments, leading to the average 
result that the intensity of the total radiation of the positive pole of 
the Siemens* arc is ten times that of the same substance at the tempe- 
rature of the oxyhydrogen flame. If we take an average result of nine 
to one, then we may infer that the temperature of the limiting positive 
pole is about 6000*^ 0., seeing that the mean temperature of the oxy- 
hydrogen may bo taken as 2000"^ C. The mean value of the total 
radiation of the Siemens’ arc was determined by observing the rate of 
flow of tho water through the annular vessel, represented in Fig. 1, 
together with the mean increment of temperature. This gave on the 
average 34,000 gram-units per minute, or a little more than three 
horse-power. 

[J. D.] 



Friday, January 21, 1881. 

William Bowman, Esq. LL.D. F.Il.S. Vice-President, in the Cliair. 

Warukn De La Rue, Esq. M.A. D.C.L. F.R.S. Sec. R.I. 

Cor. Mem. Inat. Fiance, lion. Mem. Impl. Academy of St. Petersburg, &c. 

The Phenomena of the Electric Discharge with 14,400 Chloride of 

Silver Cells, 

For the last six years I have, in conjunction with my friend Dr. 
Hugo Muller, been engaged with experiments on the electric dis- 
charge, using as the source of electricity a constant voltaic battery 
w'hich wo devised.* It is in principle the same as that invented by 
Danicll, but iirour battery a solid electrolyte, insoluble in water or a 
weak saline solution, namely, chloride of silver, replaces the soluble 
sulphate of copper, so that no porous cell is needed in the chloride of 
silver battery. The results of our experiments my colleagues think 
of sufficient interest to be brought under the notice of the Members of 
the Royal Institution, and I will endeavour to make them as clear as 
possible in the limited time at our disposal. 1 must, however, ask 
your kind indulgence if I fail, as I have not the practice of lecturing. 
It is true that it is not the first time that I have had the honour to 
occupy this chair, which I did upwards of forty years ago.t 

I may as well commence by describing the tool which I am about 
to use in the experiments : the diagram will help you to understand 
it. The chloride of silver battery is mado up as follows . A glass 
tube IJ inch in diameter, inches long, and containing al>out 
2 fluid ounces of liquid ; into this is fitted a paraffin stopper with two 
holes perforated through it ; through one of these a zinc rod inch 
diameter and inches long is inserted, and fastened by molting a 
little of the paraffin around it; the other clement is formed of a 
flattened silver wire, which passes between the stopper and the glass; 
so that the metallic elements are zinc and silver. On the flattened 
silver wire is cast the electrolyte— namely, a rod of chloride of silver 
2J inches long and diameter, and the cell is charged through the 
second perforation in the stopper with a solution of chloride of 
ammonium containing 2\ per cent, of salt (Fig. 1). When the circuit 
is not closed — that is, when the silver element is not connected by 
means of a conductor to the zinc, no action whatever takes place ; 
and in proof of this I may state that I have a battery which was made 

* ‘Pliil. Trana.* Part I. vol. clxix pp. 55 121, pp. 155-2-11 ; vol. clxxi. 
pp. G5-110. 

t May 19, 1837. 
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up more than six years ago, and is still in action, loss of the fluid by 
evaporation having been from time to time made up. But as soon as 
connection is established, then the chloride of silver parts with its 
chlorine and the zinc dissolves, and metallic silver is separated, in a 


Fig 1 



spongy state, from the chloride, and remains attached to the silver wire, 
retaining still the form of a rod. Such an element has the electro- 
motive force of a volt,* nearly (1 • 03 volt). ^ 

A Volt is that electromotive force which, working through a 
resistance of one Ohm, t ould deposit 0-0011363 gramme of silver 
from a salt of silver; oi decompose 0*0000947 gramme (0-00146 
grain) of water in one second. 

A column of mercury at 0^ Cent., one square millimetre in section 
and 1*05 metre high, offers a resistance of 1 ohm; a pure copper 
wire ^ inch diameter and 129 yards long offers a resistance of an 
ohm. 

These cells are grouped together in trays containing twenty or 
more, and the trays are placed in cabinets containing in some 
instances 1200 cells, in others 2160 cells; a cabinet of 1200 cells is 
shown in Fig. 2. The total number of elements 1 am about to use is 
14,400, and these possess a potential of 14,832 volts, which is con- 

* The units adopted for electrical meaeurements are those of the Oentimetre 
Gramme Second (G G S ) , where the lengtii is 1 centimetre, the mass I gramme, 
and the mterval of time 1 second. 

The esipreBsion fur the volt m this system is 10^ C G. S 
,, „ ohm „ 10® ,, 

„ „ microfarad „ 10“*® „ 

For a complete account of these and other units see ' Everett’s Units and Physical 
Constants,^ 1879. Macmillan. 
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siderably greater than that of any battery hitherto united in series. 
The illustrious Sir Humphry Davy used in 1808, in this theatre, a 
battery of 2000 plates 4 inches square, with double plates of copper, 
the battery being charged with a dilute mixture of sulphuric and 
nitric acids. With this magnificent instrument, placed at his disposal 
by the subscriptions of a few patrons of science, he obtained a spark 
of an inch, when the terminals were made to approach each 


Fio. 2. 



other (a striking distance of of an inch would accord with our 
experiments with the chloride of silver battery, if the difference of 
potential of the two batteries is taken into account). When the 
discharge had once taken place, then the terminals might be separated 
4 inches without causing its discontinuance. 

My friend the late Mr. Gassiot constructed several batteries of 
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high potential, and at the time of his death there were 3000 
Leclanch6 cells in action at his laboratory; on January 26th, 1876, 

I measured the length of the spark between points and found it to be 

0 • 025 inch ; 3000 of our cells produced a spark of more than twice 
this length, namely 0*0564 inch, on account of its bettor insulation. 

I propose, in order to show the power we have at command, in 
the first instance to accumulate, by means of a condenser, the 
electricity from 3210 colls, and to send its charge through a platinum 
wire of an inch thick. In charging the condenser 1 will pass the 
current through a voltameter, in order that you may judge of the 
very small chemical force concerned in the production of the enor- 
mous mechanical efiect of the electric discharge. I may os well at 
once tell you that the current necessary to charge the condenser 1 am 
employing would decompose merely ^ grain of water. I will 

first of all pass the current from twenty cells tl^ough the voltameter ; 
you will see that there is a rapid evolution of mixed gases (oxygen 
and hydrogen) into which the water is resolved. The evolution of 
gas, you will at once perceive, is very much slower when the current 
is charging the condenser; also it is more rapid at first and then 
gradually lessens, and would entirely cease if there were no leakage 
of the charge. 

When I send the charge of the condenser, which has the enormous 
capacity of 42*8 microfarads * (or equal to 6485 Leyden jars, like that 

1 have before me, which has coatings of 442 square inches), through 
2^ inches of gold wire inch diam. strained on a glass plate, it will bo 
violently deflagrated with a loud report, and the metal will be scattered 
into dust, which the microscope shows to be composed of minute metallic 
globules, and not an oxide resulting from combustion. Faraday proved 
that the quantity of electricity necessary to produce a powerful flash 
of lightning would result from the decomposition of a single grain of 
water. This can be realised when it is remembered that it would bo 
5000 times as great as the charge of the 42*8 m.f. condenser just 
shown you. If we place the glass plate on which the wire was 
strained before the microscope, then it will be perceived that the 
distribution of particles of gold is not uniform along the space which 
the wire occupied, but on the contrary, they present a stratified 
appearance, indicating a series of pulsations during the apparently 
instantaneous discharge. I hope to show you shortly that the most 
steady discharge through a vacuum tube is in reality intermittent. 

As I shall for this purpose cause the current passing through the 
tube to pass at the same time through an induction coil, so as to 
induce a secondary current, I will render evident to you, in a striking 
manner, that when electricity is caused to pass through a ^ire, it 
induces another or secondary current in an adjacent wire. I have 

• A coudenaer, which holds tho charge of a current produced by 1 volt 
working for 1 socond through a rc-nstauco of 1 ohm to a potential of 1 volt, has 
the capacity of 1 farad. The farad is too large a quantity for practical purposes, 
therefore the millionth part of it, or tho microfarad, is employed as tho unit of 
capacity. 
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bore two insulated wires, each 350 yards long, coiled side by side 
on a reel ; to the extremities of one coil is attached a platinum wire 
six inches long and inch diameter ; through the other coil I will 
send the charge of electricity from a condenser of seven microfarads 
capacity (about the sixth of that just used) charged with 10,800 cells. 
You perceive that the platinum wire is violently doflagrat^ with a 
loud report by the induced current. 

The mechanical effects produced by the charge of a condenser are 
as the square of the number of cells used to charge it, and although 
the condenser which 1 have just used has only one-sixth of the 
capacity of that 1 first showed you, yet its mechanical effects are 
nearly twice as great ; for the square of 10,800 is to the square of 
3240 as 11 to 1. In order to show the enormous power of its charge 
I will send it through 29 inches of platinum of an inch in 
diameter ; this is immediately defiagrated. And if 1 allow the charge 
to pass between the terminals of a discharger the loud report of the 
spark renders evident the enormous power stored up by the condenser. 

1 had hoped to show you the condenser charged with 14,400 cells, 
but it is n/>t ^opahle of withstanding this potential, for one after the 
other of the coated glass plates, of which it is made up, has brokou 
down with the charge shortly before the lecture. 

In order to afford you an opportunity of forming a pictorial 
conception of that which it is wished to convey, respecting the 
stratified discharge, I will recall to your recollection an experiment 
often shown to you by Dr. Tyndall (Fig. 3). With a reservoir of 
water, placed at a height of a few leet, when the tap at the lower 
portion is turned on the water flows out, apparently in a continuous 
stream ; but when the thread of water is examined by moans of an 
intermittent beam of light, it is at once seen that the flow is not 
continuous, but (in consequence of the tendency of water to assume 
a globular form) the stream as it descends breaks up into a series 
of drops, ono following the other in rapid succession. It is not my 
puri>ose here to refer to the cause of the phenomenon, which has been 
explained to you by Dr. Tyndall in his lectures on Sound, but only 
to recall this elegant experiment in order to present a mental picture 
of what may occur in the aggregation of the molecules of gases 
conveying electricity. 

Now I will cause a discharge of electricity to pass through a 
vacuum tube containing residual carbonic acid at a pressure of 0*5 
millim. (Fig. 4), and you will at once perceive that the residual gas 
groups itself into a series of luminous stiata, the molecules which 
compose them being held together by the balance of electric forces, 
whereas in the case of the water stream the particles composing the 
globules are hold together by cohesive attraction. 

The strata do not flow on like the drops of water, but remain 
stationary ; they aro, as it were, so many Leyden jars charged on one 
side with positive and the other with negative electricity ; each imparts 
say its positive charge to the next iK'gative end of the succeeding 
stratum, and receives a charge from that beljiud it ; and thus the flow 
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of electricity goes on from one terminal to the other without any 
morement of the strata necessarily taking place. 


Fir. S Fio. 4. 
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If we examine the electric arc passing between the terminals of 
a battery, either at ordinary atmospheric pressure or at other less 
pressures, it is seen that there is a resemblance to the discharge in 
vacuum tubes, the light emitted by different parts of it not having 
the same intensity throughout, and that under most circumstances 
there is a tendency to break up into distinct entities of the nature of 
strata and ultimately to take a stratified appearance like the discharge 
in vacuum tubes; from this we may infer that the discharge in a 
vacuum tube is in reality a magnified arc. 

Fto 5. 

a h c (f e 



^ A 


f I ^ » * 



I cannot show these phenomena in a wav that you could make 
them out at the distance you are from me, but 1 will, with the 
assistance of Mr. Cottrell, exhibit to you copies of photographs of the 
arc in atmospheric air (a to n, Figs. 6 and 5a) taken in my laboratory 
under various conditions as* to distance between the terminals and 
pressure, as set forth in the following table : — 
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Fig. 
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I t5an let you seo tbo arc, although I am unable to show the 
details of its structure ; thus, when I move the discharging key 
the arc passes between the two points 0*7 inch apait fixed in 
the micrometer-discharger (Fig. 6), in nhich, however, the terminals 
shown consist of a point and disc, instead of two points, which I am 
now using. And I may mention that before the discharge takes 
place there is neither condensation nor dilatation of a gaseous medium 
in contiguity with the charged terminals, as lias been suggested, 


Fig G 



whatever may bo their form. Tbo length of the arc varies with the 
potential of the battery, and with the form of the terminals ; between 
points, the length of the striking distance increases as the square of 
the number of cells employed. Thus, with 1000 cells the striking 
distance is 0*0051 inch ; with 11,000 cells it is 0*G2 inch, as shown 
in the diagram (Fig. 7). Tho potential ot 11,000 cells put our 
means of insulation to a severe test, and 14,400 cells overcomes it to 
such an extent as to interfere so seriously with the striking distance 
that I only obtain a spark 0 * 7 inch long. 
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On the supposition that a cloud would act very much as a mere 
point at the great distance at which a lightning discharge occurs 
between clouds or a cloud and the earth, we may from these data 

Fig. 7. 



calculate the potential necessary to produce a lightning flash a mile, 
or 63,360 inches, long. It would require nearly 243 units of 14,400 
cells united in series, or say 3,500,000 colls about. 

The striking distance may be increased by an arrangetnent of 
condensers to form what is called a cascade,* and in this way I shall 
be able to produce a spark an inch long with only 1200 cells. Such a 
battery I now use,^ charge twenty-five plates of a small condenser, and 
by means of a rotating commutator, connect, so to speak, the^ outside 
of one plate to the inside of the next, and thus multiply the potential 


* The battery itself is a cascade. 
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twonty-five times ; 1200 cells have, as you see, a very short striking 
distance ; it is only 0 * 00608 inch, so that the spark obtained with the 
cascade is 164 times as long as with the battery alone. If there were 
no loss in converting quantity into potential, it would be 625 times 
or the square of 25. The apparatus I am using is the so-called 
Khcostat of Gaston-Plante. Franklin, it will be remembered, was 
the inventor of the cascade. It is not impossible that the effects of 
lightning may at times be increased by a kind of cascade arrange- 
ment formed by the charged layers of cloud floating one over the 
other. 

Between discs the law of the electric discharge is not the same as 
between points; its length does not increase nearly so rapidly, as 


Fio. 8. 



will be seen by a reference to the diagram (Fig. 7), which represents 
the discharge between two points, a point and disc, between spherical 
surfaces, and between concentric cylinders. But the increment of 
potential necessary to produce a discharge for a given distance between 


HS— Vol 3 E* 
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discs, say a centimetre, becomes less ns the distance between discs, and 
consequently the potential, are increased. Thus the electrostatic force 
per centimetre with 1000 volts and a striking distance of 0*0205 
centimetre, is 163 electrostatic units, while it is only 113 units with 
11,000 volts and a striking distance of 0*3245 centimetre. 

We have found, moreover, that the discharge between discs in air, 
hydrogen, carbonic acid, and probably also in other gases, may be 
represent^ by a hyperbolic curve, and this is the case whether wo 
send the discharge through the gas at a constant pressure and increase 



the distances between the terminals and also the number of colls, or 
send the discharge at a constant distmee and vary the pressute and 
number of cells ; the obstacle in tho way of a discharge being ^as the 
number of molecules between the terminals up to a certain painty as 
will bo seen in the diagrams (Figs. 8 and 9), in which the cross marks 
represent tho actual observations. For altliough tlie potential neces- 
sary to produce a discharge dimiiiisho'* as tlie jiressure decreases, yet 
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this is true only up to a certain limit ; after this has been reached it 
rapidly increases, and ultimately the resistance becomes so great, as 
the exhaustion is carried further, that it is easier for a spark to pass 
between terminals placed at the same distance outside the tube in air 
at atmospheric pressure. The diagram. Fig. 10, in which the abscissae 
are the cube roots of the pressures in millionths of an atmosphere, 
and the ordinates the number of cells necessary to produce a dis- 
charge in a hydrogen tube 30 inches between the terminals, shows the 
results of experiment. The pressure of minimum resistance varies 
for different gases. We have determined it to be 0*642 mm. = 846 
millionths of an atmosphere for hydrogen, at which pressure the 
potential necessary to produce a discharge through a tube with 
terminals 30 inches apart was found to be only 480 cells. At a 
pressure of 0*0065 mm., 8*6 millionths, it requires as high a 
potential, 8937 cells, as at a pressure of 21*7 mm., 28,553 millionths, 
to cause the discharge to take place. At 0 * 00137 mm., 1 * 8 millionth, 
11,000 cells will not pass. The greatest exhaust we have obtained 
in a hydrogen vacuum and an absorption by spongy palladium was 
0*000055 mm., 0 07 millionth, which offered so great a resistance 
that a 1-inch spark from an induction coil could not traverse the 
tube. I will now exemplify what I have said by showing you a tube 
with an absorption chamber (Fig. 11). I expect that the vacuum 
will prove to be so good that the whole of the battery, 14,400 cells, 


a I 




Fig 11 


2200 Or— b Volotnes 





will not cause a current to pass . you see there is no illumination of 
the tube ; if I now heat the absorbing material so as to cause gas to 
enter the tube, then the discharge of a much smaller number of cells, 
namely 3600, illuminates the tube, and if 1 allow it to cool again the 
discharge ceases. 

It hAQ been suggested that there is a polarisation of the terminals 
of a vacuum tube during the passage of electricity just like that 
which occurs in a voltameter, and that this increases the obstacle to 
the discharge ; but by an elaborate series of experiments we have 
proved that such is not the case under the conditions of the experi- 
ment. It is quite true that, after the connection between the battery 
and the terminals of the tube has been broken, there is a deflection of 
the needle when they are connected with a galvanometer, but w# have 
shown that this is entirely due to a minute static charge proportionate 
to the capacity of the terminals.* 


* ‘ Roy Soc. Proc ’ No. 205, 1880 
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Our experiments * enable us to throw gome light on another 
atmospheric electrical phenomenon — namely, the probable height of 
the aurora borealis, which the accompanying figure (Fig. of a 
discharge roughly resembles. I will now 
whole 14,400 cells through the large tube 
199, containing a residual charge of atmo- 
spheric air at a pressure of 1 millimetre, 
and you will perceive a carmine luminosity 
touching the positive pole and reaching half- 
way down the tube. This reminds one of 
those ruddy glows frequently seen in auroral 
displays. Fig. 12 in the plate is copied 
from a photograph since taken in my labo- 
ratory of this appearance. Around the 
bright luminosity is a dark band which 
shuts off a portion of the fluorescence of the 
glass tube, a blue fluorescence produced by 
the ruddy light of the luminosity, showing 
that around the luminosity there is an ab- 
sorbent zone of less elevated temperature. 

Many estima^fV’ have been made from time 
to time of the height of auroras, founded 
upon observations made by persons at a 
distance from each other, and supposed to be 
observing the same feature in the display ; 
but it must be remarked that there is always 
much uncertainty in these estimates, from 
the difficulty of knowing whether the dif- 
ferent observers have noticed the self-same 
streamer. Frequently very considerable altitudes have been assigned 
to these displays ; for example, as much as 281 miles. We shall 
presently see that it is very improbable that any electrical discharge 
could occur at such a height. We have calculated from experiment 
that the pressure of least resistance for air is 0*397 millimetre, 
498*6 millionths, and therefore in air it results that a maximum 
electric discharge, and consequent brilliancy, of the aurora, would 
occur at an elevation where the atmosphere has that pressure — 
namely, 37 * 67 miles. The greatest exhaust we have produced — and 
this has not been surpassed — is 0 * 000055 millimetre, 0 * 07 millionth, 
which is the pressure the atmosphere would have at 81*47 miles ; 
and as 11,000 cells failed to produce a discharge even in hydrogen at 
this low pressure, it may be assumed that at this height the discharge 
would bo considerably less brilliant than at 37 * 67 miles, should such 
occur.f 

At a height of 281 miles the atmosphere would only 


pass the current of the 
Fig. 12. 



• ‘ Roy. Soo. Proc.* No. 203, 1880. 

+ It is conceivable that the aurora may occur at times at an altitude of a 
few thousand feet. 
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have a pressare of 0*00000000000000000000018 millimetre, or 
0*00000000000000000024 millionth, and even at 124 15 miles in 
height the atmospheric pressure would bo only 0* 00000001 millimetre, 
or 0 * 00001 millionth. It is highly improbable that a display of aurora 
would occur at a height oven of 124 miles, and it is difficult to conceive 
that an electrical potential could possibly exist necessary to overcome 
the enormous resistance that would be offered at 281 miles, the tenuity 
of the air being 64,000,000,000,000 (54 million million) times as 
great as at 124 miles. 


Pressure 

mm. 

Pressure M. 

Height, 

miles 

Visible 
at milts. 

Remarks, 

0*00000001 

0- 000013 

124*15 

lOCl 

No Olschnrpip could occur. 

0*000055 

0*07 

81*47 

860 

Pule and faint. 

0*379 

499*0 

37*67 

585 

Maximum brilliancy. 

0*800 

1053*0 

33*96 

555 

Palo salmon. 

1*000 

1316*0 

32*87 

516 

Salmon coloiiicd. 

1*500 

1974*0 

30*86 

529 


3*000 

3947*0 

27*42 

499 

Carmine. 

20*660 

27184*0 

17*86 

403 


62*000 

81579*0 

12 42 

336 

»» 

118*700 

1561840 

9 20 

1 

289 

Full rod. 


There are some phenomena connected with the discharge from 
the voltaic battery which I will bring under notice before wo 
proceed to the study of the discharge in vacuum tubes. I have 
already spoken of the difference in the length of the discharge 
between points and discs ; and 1 have now to call your attention to 
the influence of the form of the point on the length of the spark. At 
first it would naturally be supposed that the 
longest discharge would occur with the sharpest 
point, but this is not the case ; a great number 
of experiments with various forms of points have 
shown that a point in the form of a paraboloid 
gives the longest spark ; and longer in the pro- 
portion 1 * 29 to 1 than one in the form of a cone 
of the same length and diameter at the base. 
It is difficult to account for this difference in 
the length of the spark, but it is evident the 
potential must be greater at the extremity of a 
paraboloidal point than it is at the extremity 
of a conical one (Fig. 13). 

If a point and a disc be used togotker as 
terminals and the point be made alternately positive and negative, 
the spark is longest when the point is negative for low tensions up 
to 3000 colls, and longest when the point is positive beyond that 
number. 










Tho nature of the metal makes not the slightest difference on the 
length of the spark, with one exception. Brass, copper, silver, steel, 
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platinum, magnesium, and graphite, all give, under similar circum- 
stances, precisely the same length of spark: aluminium, however, 
gives a spark longer in the proportion of live to four. 

Before the spark jumps and the arc forms it is preceded by what 
we have called the streamer discharge. This is different in appearance 
at the positive and negative terminals. You are not able to see the 
characteristics now that I produce the streamer discharge before you, 
but they are represented enlarged on the diagram ; the terminals being 
supposeil to be a point and a disc, and the point being made alter- 
nately positive and negative. When the point is positive the discharge 
takes the form of a series of twisted streamers (Fig. 14), when 
negative it is in the form of a brush (Fig. 16). The current which 


Fig. 15 . 



takes place in the form of streamers at a distance but a very little 
beyond the true striking distance, namely, that at which the arc is 
formed, is only the part of the current which passes with the arc, 
and this is only one-half of that of the battery when short-circuited. 
When the streamer discharge is examined in a rotating mirror with a 
microscope suitably^nstructed, it is seen that the negative curilent is 
much the more continuous, for with the same velocity of the rotating 
mirror the positive discharge breaks up into a series of distinct iiliages, 
whilst the light of the negative is spread out into a sheet, as you will 
see on the diagram (Fig. 16). The above effects wore produced with 
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8000 cells, but with 11,000 cells wo obtained a further confirmation 
of them, the effects being shown in another figure on the diagram (Fig. 
17), which represents a streamer discharge between two points. The 
negative discharge is a brush which is seen continuously on the lower 
terminal, while the positive consists of a series of intermittent, ever- 

Fig. 16 . 



changing spiiial streamers which envelop the negative brush discharge 
without in Ihe least disturbing its form. They go past the negative 
point and then curl upwards towards it. 

If 1 insert a very high resistance between the battery and the 
terminals the streamer discharge ceases, and a static spark passes 
from time to time which is exactly like that from an ordinary 
frictional machine ; it pierces a thin strip of paper just as a static 
charge would do. The battery gathers up at intervals a charge at 
the terminals, and the discharge occurs as soon as the potential is 
sufficient to force its way across the obstacle opposed by the inter- 
vening air. 

The same thing occurs if I attach a condenser to the terminals of 
the battery : it takes a longer time for the battery to charge it, and 
consequently the discharge occurs at longer intervals, shorto or 
longer according as the terminals are adjusted to a less or greater 
distance. The condenser 1 am now using has a capacity of 1 * 5 micro- 
farad, and hence the accumulated charge is very considerable, and 
the discharge is like that of a powerful electric battery. But whether 
the capacity of the accumulator be largo or by comparison infinitesi- 
mally small like that of the points in the discharging micrometer, 
there is always an interval of time which elapses between successive 
discharges ; the interval may be so extremely minute that thousands 
of millions of discharges may occur in a second, but the flow is never- 
theless discontinuous, like the drops constituting the stream of water 
before referred to. 

I will endeavour to prove to you that an apparently perfectly 
steady discharge through a vacuum tube, in which there is no apparent 
motion of the strata, and in which even the rotating mirror would fail 
to detect any intermittcnce, is nevertheless discontinuous. It is true 
that the period of pulsation must be of a very high order, millions in 



JIO 


LIBRARY OF SCIENCE 


a second, and it is necessary, therefore, to have recourse to special 
means in order to detect it, which I will describe. 

The current from the battery of 2400 cells is made to pass through 
the primary of on induction coil, and then through a vacuum tube (No. 

142, Fig. 11 in the plate — the figure 
is copied from a photograph ob- 
tained in 2^ seconds) containing a 
residue of carbonic acid at a pressure 
of 0*4 millimetre. The arrange- 
ment is shown in Fig. 18, where 
T T' is the vacuum tube connected 
in circuit with the primary of coil 
819 ; Z A the battery, on the A 
side connected with fluid resistances 
F B, F B\ and wire resistances 
amounting in all to a megohm. On 
the Z side is shown a condenser C 
connected through a fluid resistance 
F with the Z pole. The termi- 
nals of the secondary wire of the 
induction coil are connected with a 
sensitive Thomson galvanometer. 
If there is any intermittcnce in tho 
current through the tube, an etfect 
will bo produced on tho galvano- 
meter under certain circumstances^ 
that is, provided the rise and fall 
of tho current occur in unequal 
periods. I will now make connec- 
tion with the battery ; you perceive 
that there is a deflection of the gal- 
vanometer to tho left on moking 
contact ; I will now allow the spot 
of light to come to rest, and then 
break contact, and there is a deflec- 
tion in the reverse direction, that 
is, to the right. The first is called 
the inverse current, the last the 
direct current. I will now send tho 
current again through the primary 
of the induction coil and thence 
through tho tube, but in tho first 
instance I will short-circuit tho 
secondary current so that the^galva- 
nometcr may not bo disturbed when the connection with the battery 
is made ; now that the strata are perfectly steady, I will allow tho 
induced cuiTent to go through the galvanometer by removing tho short- 
circuit plug, and you see that there is a slight permanent deflection 
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of the galvanometer. This shows that the discharge in the vacuum tube, 
although apparently quite steady, is a pulsating one ; as the swing is 
to the right we know that the current is a direct or break contact one, 
thus indicating that the discharge through the tube increases compara* 

Fig. 18. 



tively slowly, then drops more suddenly. If the rise and fall were 
in equal times, there would bo no deflection of the galvanometer. 

If the terminals of a telephone are placed in the circuit between 
the battery and a vacuum tube, the pulsations are sometimes sufii- 
ciently slow to produce audible sounds when the telephone is placed 
to the ear. But the telephone is not adapted to render evident intcr- 
mittenccs of a very high order. 

There is a remarkable phenomenon which occurs when a charge 
is sent through a closed vessel containing air or gas, within certain 
limits of pressure, which I will endeavour to show you. As soon os 
the connection is made between the battery and the terminals a 
sudden expansion of gas takes place, as you will see (Fig. 19) by the 
depression of the mercury in the gauge connected with the bell jar, 
and as soon as the connection with the battery is broken the gas 
returns suddenly almost exactly to its original volume, showing only 
a small increase due to a slight elevation of temperature ; the 
mercury in the gauge rises, therefore, nearly to its original position. 
The effect is similar to that which would bo produced if an empty 
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bladder suspended between the terminals had been suddenly inflated 
and as suddenly emptied. The ratio of the increased volume (pres- 
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sui'e) to the normal volume in our oxporimeuts rose sumctir^rs us 
1'71 to 1, and in others there was bcarcely any upjueeiiible increabe; 
in the present instance it is as 1 *4 to 1. 
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The discharge, in the boll jar, was photographed on one occasion 
and the central spindle or arc proper was measured on the photograph, 
and a calculation made of wliat its temperature must have been on the 
supposition that the sudden dilatation might be due to it, and the 
result was 16000° Cent. Experiments were also made to ascertain 
the temperature of different parts of the arc, and it was found that 
platinum wire diameter was immediately fused, 

but there was no vaporisation of the platinum, which certainly would 
have occurred had such a temperature as 16000° Cent, existed. It 
was ultimately concluded, from a number of experiments and con- 
siderations, that the enormous and sudden dilatation could not be 
attributed to a sudden increase of temperature, but must be caused 
by the scattering of the gas molecules away from the terminals, and 
their projection by clcctnlication against the walls of the containing 
vessel. 

Wo have proved experimentally that the discharge in a vacuum 
tube does not differ essentially from that in air and other gases at 
ordinary atmospheric pressures ; it cannot be considered as a current 
in the ordinary acceptation of the term, nor as at all analogous to 
conduction through metals, and must consecpiently be of the nature of 
a disruptive discharge, the particles acting as carriers of electrification. 
For example, a wire having a given difference of potential between its 
ends, can permit one, and only one current to pass ; whereas, wo 
have found by accurate measurements that with a given difference of 
potential between the terminals of a vacuum tube, currents of strength 
varying from 1 to 185 can flow. 

We have found, moreover, that the resistance of a vacuum tube, 
unlike that of a wire, does not increase in the ratio of the distance 
between the terminals. As an example may bo cited that, in a 
Spottiswoodo tube (Fig. 20) with one shifting terminal, which can 
bo placed at any re(iuired distance from the other, for seven times 
the distance between the terminals the resistance was found to bo 
only twice as great. Moreover the fall of potential is not uniform 
for equal increments of distance between the terminals of a vacuum 
tube as it is for equal increments of the length of a wire. In order 
to determine this we used a tube witli seventeen rings inserted in it 
at equal distances (Fig. 20) ; to these were attached wires which 
projected through the tube, and were soldered to it. One pole of 
the battery was connected to No. 1 ring of the tube, and the last 
ring as well as the second pole of the battery were connected to 
earth and stood at zero. 13y moans of an electrometer, shown in 
Fig. 21, the induction plate of which could be made to communicate 
with each ring successively, it was found that the difference of potential 
between the first pair of rings, reckoning from the terminal connected 
with the battery, was five times as great as that between the eighth 
and ninth ; again, that between the sixteenth and seventeenth it was 
twice that between the eighth and ninth. If I, by way of illustra- 
tion, suspend a number of pith balls to a wetted thread, one end of 
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which I connect with one pole of the battery and the other to earth, 
the other pole of the battery being also connected to earth, you 
will notice a uniform decrease of divergence of the balls, because 



the potential decreases uniformly fur c(jual dibtances, whereas this 
does not occur when pitli Imlls are suspendod to the rings of a 
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vacanm tube, as you will sec when I connect the first ring to one pole 
of the battery and the other to earth. 

We will now take up the phenomena exhibited by vacuum tubes. 
It will be seen that the strata have their origin at the positive pole. 
Thus in a given tube, with a certain gas, there is produced at a 
certain pressure, in the first instance, only one luminosity,* which 
forms at the positive terminal ; then, as the exhaustion is gradually 
carried further, it detaches itself, moving towards the negative, and 
being followed by other luminosities, which gradually increase in 
number up to a certain point. This I will show you, with Mr. Cottrell’s 
aid, by projecting copies of photographs, made in my laboratory, from 
tubes containing hydrogen at gradually decreasing pressures. 

If I now connect the fixed terminal of the Spottiswoode tube, con- 
taining residual carbonic acid at a pressure of 1 millimetre, with the 
positive pole of a battery of 2400 cells, having first caused the movable 
terminal (which I have connected previously to the negative pole) to 
approach quite close to the positive wire, you will see only one stratum. 
I incline the tube and allow the negative terminal to recede. Now 
there are three strata (Fig. 10 in the plate), and as the negative recedes 
further and' further fresh strata pour in one by one from the positive 
until the whole tube is filled to within a constant distance from the 
negative with our electric drops (Fig. 9 in the plate). 

I may hero pause to draw attention to the resemblance of the strata 
produced by an electrical discharge in a vacuum tube to the lyco- 
podium records of sound-pulsations in air which are given in Tyndall’s 
work on ‘ Sound ’ (Fig. 22). 


Fig. 22. 




With the same potential the phenomena vary with the amount of 
current which is allowed to pass through the tube, and this amount we 
can easily regulate by inserting resistances between the battery and the 
tube. As the current is increased the number of strata in some tubes 
increases, but with other tubes the number decreases. 

A change in the amount of current frequently produces an entire 
change in the colour of the strata. For example, in a hydrogen tube 
from a cobalt blue to a pink (Figs. 4 and 3 in the plate). It also 
changes the spectra of the strata. Moreover, the spectra of the illu- 
minated terminals and those of the strata differ; usually the most 
brilliant spectra arc obtained from the negative terminal. 


♦ It is not iraprobablo that ball-lightning may be of the nature of this single 
luminosity or stratum, charged like it as a Leyden jar, and projected by an electric 
discharge taking place behind it ; in the saino way that a mechanical impulse 
sends forth a vortex ring. 
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If the discharge is irregular and 
the strata indistinct, an alteration 
of the amount of current makes the 
strata distinct and steady ; most fre- 
quently a point of steadiness is pro- 
duced by the careful introduction of 
external resistance ; subsequently, with 
the introduction of more resistance, a 
new phase of unsteadiness, and still 
more resistance, another phase of steady 
and distinct stratification. 

At the same pressure, and with the 
same cuiTent, the diameter of the tube 
affects the character and closeness of 
the stratification (Fig. 23), as will bo 
seen when I cause the current to pass 
in tube No. 161, which contains resi- 
dual hydrogen. It consists of two 
portions, one 18 inches long and 1’15 
internal diameter, the other 17*5 
inches long and 0*975 inch diameter. 
The battery I am using consists of 
4800 cells, and you perceive that 
whether the terminal in the small 
tube is positive or negative there is 
a marked difference in the form and 
closeness of the strata in the. two tubes. 

The greatest heat is developed in 
the vicinity of the strata. This fact 
we established most easily when the 
tube contained only one stratum, or 
a small number separated by a broad 
interval. There is reason to believe 
that even in the daik discharge like 
that in the neighbourhood of the ne- 
gative terminal there may be a kind 
of stratified formation, for we have 
found a development of heat in part 
of a tube in which there was no illu- 
mination except on the terminals. 

There are vacuum tubes made which 
are not open from end to ei|d, and 
which consist of a number of separate 
chambers, some inserted into the others. 
The induction coil illuminatci^ these 
very beautifully, but the battery will 
not do so, as no discharge can take 


place through them. On the other hand, the alternating currents of 
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an induction coil charge up such a tube first with positive, then with 
negative; electricity, and produce an illumination in consequence of 
the alternating charge and discharge of the walls of it. When I turn 
on the battery current you will perceive a fiash, then if I reverse the 
current another fiash, and if I do this quickly I make the illumi- 
nation a little more persistent. But I have a rapidly reversed com- 
mutator by which I can reverse the current 350 times in a second, 
and you see that with its help I can illuminate the tube very beau- 
tifully. 

In almost every case there is a dark interval near the negative 
terminal, but occasionally we have met with tubes in which the strata 
completely fill the tube, the last ones threading themselves on the wire 
used for the negative terminal (Fig. 24). Unfortunately I have not 
one which I can show yon, as these tubes which have shown this phase 
completely change after the current had passed a very short time. 


Fig 24. 
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I now propose to show, with the aid of my two assistants, 
Messrs. James Fram and Ernest Davis, some tubes with various 
gases at diiferent degrees of exhaust, in order that you may see the 
strata in all their beauty and witness the changes of which I have 
spoken. 

I will in the first place show a tube in which there are produced 
a series of luminosities like those in one of the photographs which 
were projected on the screen. It is No. 148, with residual hydrogen 
at a pressure of 4 millimetres, and connected with 7920 cells. Fig. 8 
in the plate shows the phenomenon ; it is from a photograph obtained 
in four seconds. 

Tube 201, shown by Fig. 7 in the plate, is a hydrogen vacuum 
at a pressure of O’ 8 millimetre; with 3600 cells and an intei posed 
resistance of 1,500,000 ohms a perfectly steady close stratification is 
produced. The figure is copied from a photograph obtained in three 
seconds. 

Tube 139, shown in the plate by Fig. 4, is a hydrogen vacuum, 
pressure 0*8 millimetre, with 3600 cells and an interposed resistance 
of 200,000 ohms. A series of beautiful blue double strata are pro- 
duced, with a carmine line between the double strata. The figure is 
copied from a photograph obtained in one and a half second. 

Tube 139. — On interposing 500,000 ohms resistance in the circuit, 
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instead of 200,000, the strata aro reduced in number and turn pink. 
Tho phenomenon, except as regards colour, is shown in the plate 
(Fig. 6), copied fiom a photograph obtained in three seconds. 

Tube 180, a hydrogen vacuum 0 • 8 millimetre, with 2400 cells 
and an interposed resistance of 60,000 ohms. A series of tongue- 
shaped strata aro produeed, which cross each other liko tho com- 
ponents of the letter X and remain perfectly steady. The phenomenon 
is precisely like that shown by another tube, the photograph of which 
you saw projected on the screen. Tube 130 is represented in the 
plate (Fig. 6) ; it is copied from a photograph obtained in two and 
a half seconds. 

Tube 333 is a hydrogen vacuum, pressure 0*8 millimetre, with 
3600 cells and an interposed resistance of 1,600,000 ohms. There 
are produced a series of double tongue-shaped strata, united at their 
narrowest parts. This phenomenon is represented in Fig. 6 in tho 
plate, which is copied from a photograph obtained in three seconds. 

Before showing the next tube, I will exhibit one (No. 61) with a 
carbonic acid vacuum, in which tho negative teiminal consists of 
a wire nineteen inches long formed into a helix, tho positive 
Fio 25. being a ring. On passing tho current from a battery of 
1200 colls through tho tube, first interposing a resistance 
of 600,000 ohms, about two inches only of the negative is 
illuminated ; on gradually, however, removing the resist- 
ance, more and more of the spiral negative glows until at 
last the whole of it is brilliantly illuminated. It will bo 
seen by this that the negative discharge requires a greater 
outlet than the positive. 

I will now exhibit a tube (No. 163), Fig. 25, consisting 
of two branches united at the top and bottom. In each of 
these is a series of funnels, the broad end of which fills the 
branch ; in one branch tho mouths of tho funnels are placed 
in a contrary direction to that in the other. On connecting 
the terminals with tho battery of 3600 cells, the current is 
free to pass either in both branches, or through one or the 
other, but it invariably passes down that branch in which 
tho wide mouth of tho funnel is tow'ards the negative. It 
traverses alternately tho right or left hand branch, according 
as I make the top or bottom terminal negative ; thus again 
exemplifying the necessity for a greater space for the nega- 
tive discharge to pass than is required for tho positive. 
Tho phenomenon is shown in Figs. 11 and 12 in the plate. 

The photographs from which the figures in tho plate are 
copied were taken in my laboratory, by Mr. H. Reynolds, 
on dry plates. 

Very frequently, w’hen tho exhaust is very great, tho 
discharge becomes most sensitive to tlio approach of the finger or 
any conductor in connection with tho earth, or charged by a sepa- 
rate source of electricity ; the same thing occurs if the current is 
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made intermittent by an interval of air in one of tbe connections (an 
air spark) See Fig. 26. 

The preparations which were necessary in order that this lecture 
could be given have occupied a considerable time. In the first place, 
most of the tubes I have shown you had to bo specially prepared, 
during the last three months, and reserved for this occasion. For all 
tubes completely alter their character if a current is repeatedly passed 
through them, and then they no longer present the beautiful phases of 
stratification you have witnessed. Moreover, it was not possible to 
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remove the battery from my laboratory, as its construction would not 
permit it. I therefore have had built up by Messrs. Tislcy and Co. 
an entirely new series, in such a way that the battery can bo carried 
away, when requisite, without injury. The construction of the battery 
was commenced in June 1879, and was finished in August 1880. 
The charging of the battery occupied a fortnight, and was Ifinishcd in 
the second week in December. 

It only remains for jue to thank you for your fiattcring attendanco 
under such adverse meteorological conditions.* 


Occasioned by a >ery heavy snowbtorrn on the IStli of January 




Friday, January 28, 1881. 

Thomas Boycott, Esq. M.I). F.L.S. Vice-President, in the Chair. 

Arthuu Schuster, Esq. Ph D. F.R.S. 

The Teuchin/js of Modern Spectroscopy, 

A SCIENCE, like a child, grows quickest in tlio first few years of its 
existence ; and it is therefore not astonishing that, though twenty years 
only have elapsed since Spectrum Analysis first entered the world, we 
are able to speak to-day of a modern spectroscopy, with higher and 
more ambitious aims, striving to obtain results which shall surpass 
in importance any of those achieved by the old spectroscopy, to the 
astonislimcnb the scientific world. 

A few years ago the spectroscope was a chemical instrument. It 
was the solo object of the spcctroscopist to find out the nature of a 
body by the examination of the light which that body sends out when 
it is hot. The interest which the new discovery created in scientific 
and unscientific circles was due to the apparent victory over space 
which it implied. No matter whether a body is placed in our labora- 
tory or a thousand miles away — at the distance of the sun or of the 
furthest star — as long as it is luminous and suiBciently hot, it gives 
us a safe and certain indication of the elements it is composed of. 

To-day, we are no longer satisfied to know the chemical nature 
of sun and stars ; we want to know their temperature, the pressure on 
their surface ; wo want to know whether they are moving away from 
ns or towards us ; and still further, wo want to find out, if possible, 
what changes, in their physical and chemical properties, the elements 
with which wo are acquainted have undergone under the influence 
of the altered conditions w'hich must exist in the celestial bodies. 
Every sunspot, every solar prominence, is a study in which the un- 
known quantities include not only the physical conditions of the solar 
surface, but also the possibly changed properties, under these condi- 
tions, of our terrestrial elements. The spectroscope is rapidly becom- 
ing our thermometer and pressure gauge ; it has become a physical 
instrument. 

The application of the spectroscope to the investigation of tlie 
nature of celestial bodies has always had a great fascination to the 
scientific man as well as to the amateur ; for in stars and nebulae one 
may hope to read the past and future of our own solar system. But 
it is not of this application that 1 wish to speak to-day. 

As there is no other instrument which can touch the conditions of 
the most distant bodies of our universe, bodies so large that their size 
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surpasses our imagination, so is there no other instrument which equals 
it in the information it can yield on the minute particles at the other 
end of the scale, particles which in their turn arc so small, that we can 
form no conception of their size or number. The range of tho 
spectroscope includes both stars and atoms, and it is about these 
latter that 1 wish to speak. 

The idea that all matter is built up of atoms, which wo cannot 
further divide by physical or chemical moans, is an old one. As a 
scientific hypothesis, however — that is, an hypothesis which shall not 
only qualitatively, but also quantitatively, account for actual phenomena 
— it has only been worked out in tho last thirty years. The develop- 
ment of molecular physics was contemporaneous with that of spectro- 
scopy, but the two sciences grow up independently. Those who 
strove to advance the one paid little attention to the other, and did 
not trouble to know which of their conclu&ions were in harmony, 
which in discordance, with tho results of tho sister science. It is 
time, I think, now that tho bearing of one branch of inquiry on the 
other should be pointed out : where they are in agreement, their con- 
clusions will be strengthened, while new investigations will lead to 
more perfect truths where disagreement throws doubt on apparently 
well-established principles. 

W hat I have ventured to call modern spectroscopy, is the union of 
the old science with the mo<lcrn ideas of tho dynamical theory of 
gases, and includes the application of tho spectroscope to the experi- 
mental investigation of molecular phenomena, which without it might 
for ever remain matters of speculation or of calculation. 

A body, then, is made up of a number of atoms, ^heso are 
hardly ever, perhaps never, found in isolation. Two or more of 
them are bound together, and do not part company as long as tho 
physical state of the body remains the same. Such an association of 
atoms is called a molecule. When a body is in tho state of a gas or 
vapour, each molecule for the greater part of the time is unaftected 
by the other molecules in its neighbourhood, and therefore behaves as 
if these were not present. The gaseous state, then, is tho ono in which 
we can best study these molecules. They move about amongst each 
other, and within each molecule the atoms are in motion. Each 
atom, again, has its own internal movement. But if the world was 
made up of atoms and molecules alone, we should never know 
of their existence ; and to explain the phenomena of tho universe, we 
must recognise tho presence of a continuous universal medium pene- 
trating all space and all bodies. This medium, which wo call the 
luminiferous ether or simply the ether, serves to keep up the Connec- 
tion between atoms or molecules. All communications from one atom 
to another and frobi one molecule to another are made through this 
ether. The internal motions of one atom are communicated to this 
medium, propagated through space, until they reach another atom ; 
attraction, repulsion, or some other manifestation takes place ; and if 
you examine any of tho changes which you see constantly gmng on 
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aroimd you, and follow it backwards through its various stages, you 
will always find the motion of atoms or molecules at the end of the 
chain. 

The importance of studying tho motion of molecules is therefore 
clear; and it is tho special domain of tho modern spectroscopy to 
investigatate one kind of these motions. 

When a tuning-fork or a bell is set into vibration, its motion is 
taken up by the surrounding air, waves are set up, they spread and 
produce the sensation of sound in our ears. Similarly when an atom 
vibrates, its motion is taken up by tho ether, waves are set up, they 
spread, and if of sufficient intensity produce tbe sensation of light in 
our eyes. Both sound and light are wave motions. A cursory glance 
at a wave in water will lead you to distinguish its two most prominent 
attributes. You notice at once that waves differ in height. So the 
waves both of light and sound may difler in height, and to a difference 
in height corresponds a difference in the intensity of the sound you 
hear or of tho light you see. The higher the wave tho greater its 
energy, tho louder is the sound or the brighter is tho light. But in 
addition to a di^fference in height you have noticed that in different 
waves tlio distance from crest to crest may vary. Tho distance from 
crest to crest is the length of the wave, and waves not only differ in 
height but also in length. A difference in the length of a wave of 
sound corresponds to a difference in the pitch of the sound ; the 
longer a sound-wave is, the lower is the tune you hear. In tho case 
of light a difft'renco in the length of the wave corresponds to a 
difference in the colour you see. The longest waves which affect our 
eyes produce tho sensation of red, then follows orange, yellow, green, 
blue, and the shortest waves which we ordinarily see seem violet. If 
a molecule vibratos, it generally sends out a gi’eat number of waves 
which vary in length. These fall together on our retina, nnd produce 
a compound sensation which does not allow us to distinguish the 
elementary vibrations, which we want to examine. A spectroscope is 
an instrument which separates tho waves of different lengths before 
they reach our retina ; the elementary vibrations after having passed 
through a spectroscope no longer overlap, but produce their im- 
pressions side by sido of each other, and their examination and 
investigation is thoreforo rendered possible. 

Tho elements of spectroscopy will bo familiar to most of you, but 
you will forgive mo if I briefly allude to some points, which, though 
well known, are of special importance in the considerations which I 
wish to bring before you to-night. 

When a body is sufficiently hot it becomes luminous, or to speak 
in scientifle language, the vibrations which are capable of pro- 
ducing a luminous sensation on our retina, are increased in intensity 
as the temperature is raised, until they produce such a sensation. 
By means of a strong electric current I can in the electric lamp raise 
a piece of carbon to a high temperature. When looked at writh the 
unaided eye it seems white hot, but when I send the rays through 



124 


LIBRARY OF SCIENCE 


a prism and project thorn, as I do now, on a screen, you see a con- 
tinuous band of light. This fact we express by saying that the 
spectrum of the carbon poles in the electric lamp is a continuous one. 
You see side by side the diiOFerent colours known to you by the familiar 
but incorrect name of “ the rainbow colours ” ; and the experiment 
teaches you that the carbon p(»lo of the electric lamp sends out rays 
in which all wave lengths which produce a luminous sensation are 
represented. 

But if now I introduce into the electric arc a small piece of a 
volatile metal you see no longer a continuous band of light. The band 
is broken up into different parts. Narrow bands or lines of different 
colours are separated by a space sometimes black, sometimes slightly 
luminous. The metal has been converted into vapour by the great 
heat of the electric current, and the vibrations of its molecules tiiko 
place in distinct periods, so that tho waves emanating from it have 
certain definite lengths. If the moleculo could only send out one 
particular kind of waves, I should in its spectrum only sec one single 
line. We know of no body wliich does so, tliough we know of several in 
which the possible periods of vibration are comparatively few ; tho 
spectrum of these will therefore contain a few lines only. Thus we 
have two different kinds of spectra, continuous spectra and line spectra. 
But there is a certain kind intermediate in appearance between these 
two. The spectra of “ fluted bands,” as they are called, appear, when 
seen in spectroscopes of small dispersive powers, as made up of bands, 
which have a sharp boundary on one side and gradually fade away 
on the other. When seen with more powerful instruments each band 
seems to be ma<le up of a number of lines of nearly ecyial intensity 
which gradually come nearer and nearer together as the sharp edge 
is approached. This sharp edge is generally only tho place where 
tho lines are ruled so closely that we can no longer distinguish the 
individual components. The edge is sometimes towards the red, 
sometimes towards the violet end of the spectrum. Occasionally, 
however, the fluted bands do not show any sharp edge whatever, but 
are simply made up of a series of lines which are, roughly speaking, 
equidistant. No one who has seen a spectrum of fluted bands can 
ever fail to distinguish it from the other tyj^es of spectra which I have 
described. 

What, then, is tho cause for the existence of these different types ? 
The first editions of text-books in which our science was discussed 
stated that a solid or liquid body gave a continuous spectrum, while a 
gaseous body had a spectrum of lines ; the spectra of bands were not 
mentioned. The more recent editions give a fow exceptions to this 
rule, and tho editions which have not appeared yet, will — so I^hope, at 
least — tell you 4hat the state of aggregation of a body iiot 
directly affect the nature of the spectrum. Tho important ^oint is 
not whether a body is solid, liquid, and gaseous, but how many 
atoms are bound together in a molecule, and how they are bound 
together. This is one of the teachings of modem spectroscopy. A 
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molecule containing a few atoms only gives a spectrum of lines. 
Increase the number of atoms and you will obtain a spectrum of 
fluted bands ; increase it once more, and you will obtain a continuous 
spectrum. The scientific evidence for the statements I have made is 
unimpeachable. In the first place, I may examine spectra of bodies 
which I know to be compound. Special precautions often are neces- 
sary to accomplish this purpose, for too high a temperature would 
invariably break up the compound molecule into its more elementary 
constituents. For some bodies I may employ the low temperature 
of an ordinary Bunsen burner. With others, a weak electric spark 
taken from their liquid solutions will supply a sufficient quantity of 
luminous undecomposed matter to allow the light to be analysed by a 
spectroscope of good power. The spectrum of a compound body is 
never a line spectrum. It is either a spectrum of bands or a con- 
tinuous spectrum. The spectra of the oxides, chlorides, bromides, or 
iodides of the alkaline earths, for instance, are spectra of fluted bands. 
All these bodies are known to contain atoms of different kinds, the 
metallic atoms of calcium, barium, or strontium, and the atoms of 
chlorine, bromme, iodine, or oxygon. 

But to obtain these spectra of bands we need not have necessarily 
recourse to molecules containing different kinds of atoms. Elementary 
bodies show these spectra, and wo must conclude therefore that the 
dissimilarity of the atoms in the molecule has nothing to do with the 
appearance of the fluted bands. Similarity in the spectrum must 
necessarily be due to a similarity in the forces which bind the atoms 
together, and this at once suggests that it is the compound nature of 
the molecule which is the true cause of the bands, but that the 
molecule need not be necessarily a compound of an atom with an atom 
of different kind, for it may be a compound of an element with itself. 
We have ample proof that this is the true explanation of the different 
typos of spectra. I shall presently give you a few examples in 
support of the view which is now nearly unanimously adopted by 
spectroscopists. 

I have hitherto left unmontioned one important method of 
investigating the periods of molecular vibrations, a method which 
is applicable to low temperatures. If I have a transparent body and 
allow light sent out by a body giving a continuous spectrum to fall 
through it, I often observe that the transparent body sifts out of the 
light falling through it certain kind of rays. Spectra are thus 
produced which are called absorption spectra, because the body 
which is under examination does not send out any light, but absorbs 
some vibrations which are made to pass through it. It is an 
important fact that a molecule absorbs just the rays which it is 
capable itself of sending out. I can therefore investigate the 
spectrum of a body just as well by means of th*‘ absorption it produces 
as by means of the light which it sends out. 

Vapours like bromine or iodine examined in this way give us 
a spectrum of fluted bands. A i>oworful sx>ark in these gases gives. 


HS-VoI3F 



126 


LIBRARY OF SCIENCE 


howeyer, a line-Bpectnim. Here, then, a change of spectrum has 
taken place. The same body at different temperatures gives us a 
different spectrum, and the change which takes place is the same as 
that observed in the spectrum of a compound body the moment the 
temperature has risen sufficiently to decompose that body. I con- 
clude from spectroscopic observations, therefore, that the molecules 
of bromine and iodine just above their boiling-point are complex 
molecules, which are broken up at the temperature of the electrio 
spark. At high temperatures the moleoules of these bodies contain a 
smaller number of atoms, and it follows from this that the gases must 
be lighter or that their density must be smaller. These conclusions, 
which on spectroscopic grounds have been definite and clear for some 
years, have recently, by independent methods, been confirmed by 
Victor Meyer and others. It has been directly proved that at high 
temperatures the molecules of iodine and bromine contain a smaller 
number of atoms than they do just above their boiling-point. In other 
cases the change of density has not been directly proved, only because 
these necessary measurements are difficult or even impossible at very 
high temperatures, but we may be perfectly sure that chlorine, as 
well as the metallic vapours of silver, sodium, potassium, &c., which 
show an analogous change of their spectra, will ultimately be proved 
to undergo a change of density at high temperatures. 

As we can trace the change from a line-spectrum to a band- 
spectrum taking place simultaneously with an increase of density, 
so may we follow the change from a band-spectrum to a continuous 
spectrum indicating the formation of a molecule still more complex. 

Sulphur vapour, at a temperature just above its boiling-point, con- 
tains three times the number of atoms iu one molecule that it does at 
a temperature of a thousand degrees. The spectrum of sulphur vapour 
observed by absorption Is continuous wben ^he heavier molecule only 
is present. At the higher temperatures, when each molecule is decom- 
posed into three, the spectrum belongs to the type of fluted band- 
spectra. From the cases in which we can thus prove the change in 
the spectra and in the densities to go on simultaneously, we are justi- 
fied in concluding that also in other cases, where no such change of 
density has yet been observed, it yet takes place ; and it is not a very 
daring generalisation to believe that a change in spectra is always 
due to a change in molecular arrangement, and generally, perhaps 
always, accompanied by a change in the number of atoms which are 
bound together into one molecule. 

With regard to the well-known statement, that solids and liquids 
give continuous spectra, while gases give line-spectra, it mpst be 
remarked that metallic vapours show in nearly all cases a continuous 
spectrum before they condense. Oxygen gpves a continuous sptetrum 
at the lowest temperature at which it is luminous. Examining Kquids 
and solids by the method of absorption, we find that many of them 
show discontinuous spectra, presenting fairly narrow bands. It is not 
denied that the nearness of molecules does not affect the spectrum. It 
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may render the bands more wide and indistinct at their edges, but its 
influence is more of a nature which in gas spectra is sometimes 
observed at high pressures when the lines widen, and does not con- 
sist of an alteration in type. Though in a solid or liquid body the 
molecules are much nearer together, they are less mobile ; and hence 
the number of actual collisions need not be necessarily much in- 
creased. The fact that a crystal may show a diflerence in the absorp- 
tion spectrum according as tho vibrations of the transmitted light take 
place along or across tho axis, shows, 1 think, that mutual impacts 
cannot much aflect the vibrations, but that each molecule, at le^ in 
a crystal, must be kept pretty well in its place. 

We have divided spectra intq throe types, but in all attempts at 
classification we are met by the same difficulty. The boundaries 
between the different types are not in all cases very well marked. 
Every one will be able to distinguish a well-defined band- spectrum 
from a line-spectrum, but there are spectra taking up intermediate 
positions both between the line- and band-spectra and between band- 
spectra and continuous spectra. With regard to these it may be 
difficult to teP which type the spectrum really belongs. It may 
happen that a change of spectrum takes place, the spectrum retaining 
its type ; but in these cases, as a rule, tho more complex molecule 
will have a spectrum approaching tho lower type, although it may 
not actually belong to that lower type. To perfectly general, 
we may say that a combination of atoms always produces an alteration 
in the spectrum in the direction of the change from tho line -spectrum, 
through tho band-spectrum to the discontinuous spectrum. 

If we accept the now generally received opinion as to the cause of 
the different types of spectra, we may obtain information on molecular 
arrangement and complexity where our ordinary methods fail. At 
high temperatures, or under much diminished pressure, measures of 
density become difficult or impossible ; and it is just in these cases 
that the spectroscope furnishes us with the most valuable information. 
If we find three spectra of nitrogen and the same number for oxygen, 
we must accept the verdict, and conclude that these gases can exist in 
three different allotropic states. 

Amongst the remarkable phenomena observed in vacuum tubes, 
perhaps not the least curious is the spectrum observed at the negative 
pole, which in several cases is only observed there, and under ordinary 
circumstances in no other part of tho tube. Both oxygen and nitrogen 
have a spectrum which is generally confined to the negative glow. 
Some years ago I tried to prove that also in these cases we have only 
to deal with a special modification of the gases which, curiously 
enough, only exists near the negative polo, and is broken up and 
decomposed in every other part of the tube. The experiments 1 then 
made seem to me to prove the point conclusively After a current of 
electricity had passed through the tube for some time in one direction, 
the current was suddenly reversed ; the negative polo now became 
positive; but tho spectrum still was visible for some time in its neigh- 
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bourhood, and only gi^oall j disappeared . This experiment shows that 
the spectrum may exist in other parts of the tube, and that it is there- 
fore due to a peculiar kind of molecule, and not to anything specially 
related to electric phenomena taking place in the neighbourhood of 
the negative pole. Other experiments supported this view. 

The classification of spectra, according to the complexity of the 
vibrating molecule, is of great theoretical importance; for by its 
means we may hope to obtain some information on the nature of the 
forces which bind together the atoms into one molecule. Our whole 
life is a chemical process, and a great part of the mysteries of nature 
would be cleared up if we could gain a deeper insight into the 
nature of chemical forces. 1 believe no other lino of investigation to 
be as hopeful in this respect as the one which examines directly the 
vibrations of the molecules which take place under the influence of 
these chemical forces. If we could find a connection between the 
vibrations of a compound molecule and the vibrations of the simpler 
elements which it contains, we should have made a very decided step 
in the desired direction. I need not say that various attempts have 
been made to clear up so important a point; but we have to deal 
with complicated forces, and the attempts have as a rule not been 
crowned with much success. 

There are, however, a few exceptions, a few cases of greater 
simplicity than the rest, where we are able to trace to their mechanical 
causes, the spectroscopic changes which take place on chemical com- 
bination. These few and simple cases may servo as the fingerposts 
which show us the way to further research, and we may hope, to 
further success. To make the spectroscopic changes of which 1 am 
speaking clear to you, I must have recourse to the analogy between 
sonnd and light, and remind yoil of the fact that when the prongs of 
a tuning-fork are weighted its tone is lowered, which means that the 
period of vibration is increased, and consequently that the length of 
the wave of sound sent out is lengthened. Now, suppose a molecule 
or atom, the spectrum of which I am acquainted with, enters into 
combination with another. And suppose that the vibrations of the 
second molecule are weak or lie outside the visible range of the 
spectrum, then the most simple assumption which I could make would 
be that the addition of the new molecule is equivalent to an increase of 
the mass of the other. An increase of mass without alteration of the 
force of the molecule, will, as in the case of the tuning-fork, lengthen 
the period of vibration, and increase the wave length. If a case of 
that kind were actually to happen, I should observe the whole 
spectrum shifting towards the red ; and this is what is observed in 
the few simple cases to which I have referred. The first observation 
to that effect is due to Professor Bunsen, of Heidelberg. E:^mining 
the absorption spectra of different didymium salts, he foun4 such a 
close resemblance between them, that no difference could be detected 
with instruments of small powers; but with larger instruments it 
was found that the bands varied slightly in position, that in the 
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chloride they were placed most towards the blue end of the spectrum, 
that when the sulphate was substituted for the chloride, a slight 
shift towards the less refrangible end took place, and that a greater 
shift in the same direction 
occurred on examining the 
acetate. Professor Bunsen 

remarks that the molecular ^ a o 

weight of the acetate is 
larger than that of the sul- 
phate, and that the molecule 
of the sulphate again is 

heavier than that of the I . ^ 

chloride. He adds : “ These ^ i c 3 I 

diderences in the absorption I 

spectra of different didy- ^ 

mium compounds cannot in 1 | 

our present complete state I A '§ 

of ignorance of any general ^ 

theory for th« i^hsorption of » 2 

light in absorptive media, a " * 

be connected with other Wm V -2 

phenomena. They remind B| w ^ 4 

one of the slight gradual ^ W 2 

alterations in pitch which ^ ^ ® 

the notes from a vibrating & W S " " 

clastic rod undergo when a « 

the rod is weighted, or of 5 

the change of tone which an - 

organ pipe exhibits when 'S 

the tube is lengthened.” ^ t 

The accompanying wood- g 

cut, copied from Professor o. 

Bunsen's paper, may serve k J 

to illustiate the shift ob- B < 

served in one of the absorp- L II n n 

tion bands. . n ^ v 

Similar changes take B A H 

place when some substances B H B 

like cyanin and chlorophyll B B m 

are dissolved in difforont H B ' 

liquids. Absorption bands oH W 

characteristic of these vari- *jB = 
ous substances appear, but m 

they slightly vary in posi- f 

tion. Professor Eundt, who 

has carefully examined this displacement of absorption bands, has 
come to the conclusion that as a rule the liquids of high dispersive 
powers were those which shifted the bands most towards the xed end 
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of the Bpectmm. But though there is an apparent tendency in this 
direction, no rule can be given which shall be absolutely true what- 
ever the substance which is dissolved. Fig. 2 shows the absorption 
spectrum of cyanin when dissolved in different liquids. The measure- 
ments made by Qlaes * are employed. We have here an interesting 


Fig. 2. 



A = Absorption of Cyanin in Bisulphide of Carbon. 

B = „ „ Nitiobenzene. 

C = * „ „ Benzene. 

D = „ „ Ether. 

E = „ „ Alcohol. 

proof that a solution is sometimes much more of a chemical compound 
than is generally supposed. The solvent and the substance must, 
indeed, closely connected in order to produce a shifting of the 
absorption baud. On the other hand, it is not astonishing, that no 
general law can be given which connects the displacement with the 
physical properties of the solvent, for the closeness of connection 
depending on the special chemical affinity for each solvent has as 
much to do with the amount of shifting observed, as the molecular 
weight or the dispersion or refractive power may have. The fhifting 
of the absorption bands in different solutions of the same substances 
is only one of many applications of spectroscopes to the examination 
of molecular phenomena in liquids. Into the interesting re^arcbes 
of Professor Bussell, who has greatly extended this field of Inquiry, 
we have no time to enter. 


* Wied. Anu., iii. p. 388, 1878. 
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The changes of spectra due to molecular combinations and re- 
arrangements have in addition to their theoretical importance a great 
practical interest, for they will afford us some day a means of answer- 
ing approximately a great many questions relating to the temperature 
of sun and stars. The gases and yapours in the solar atmosphere 
are for the greater part in the molecular condition in which they 
give a line-spectrum, and we know of stars the spectra of which 
resemble our solar spectrum very nearly. We shall not be far wrong 
in ascribing to such stars a temperature similar to that of our sun. 
Other stars have absorbing envelopes showing spectra of fluted bands. 
We know that fluted bands belong to a more complex molecular 
condition, which only can exist at lower temperatures. These stars, 
therefore, must have a lower temperature than our sun. Dr. Huggins, 
who has succeeded in obtaining most valuable photographs of star- 
spectra, has been able to classify and arrange star-spectra ; and it is 
more than likely that in the series of stars arranged in order by 
means of their spectra, we have at one end those of the highest, at 
the other those of the lowest temperature. We are as yet far from 
being able •U assign any particular temperature to a star, but the 
question by means of the spectroscope has been reduced to one which 
can be decided in our laboratories, and however difficult it may be, we 
may rest assured that it will ultimately be solved. As to our sun, 
its temperature has been the subject of many investigations. Attempts 
have been made to deduce it (at least approximately) from the amount 
of heat it sends out. Different experimental laws have been proposed 
to connect together the heat radiation of a body, and the temperature 
of that body. The first law which was thus proposed gives ten million 
degrees Centigrade as a lower limit ; the second law reduces that 
lower limit to a little over 1500 degrees. Both these laws we now 
know to be wrong. More accurate laws give something like ten or 
twenty thousand degrees, but the whole method employed is one which 
is open to a great many objections. 

We measure the combined heat radiation of different layers on the 
solar surfaces, all of which are at different temperatures, and we 
observe only an average effect which is much influenced by the 
absorption in the outer layers of the solar atmosphere and in the 
corona, and does not admit of easy interpretation. The spectroscopic 
method, which is yet in its infancy, has the advantage tliat we can 
observe separately each layer of the sun, and we thus examine the 
temperature not as an average, but for every part of the solar body. 
Our way to proceed would consist in carefully observing the spectra 
in different layers of the sun. Supposing we observe a change at one 
point, we may investigate at what temperature that change takes 
place, and we may then ascribe the same temperature to that particular 
place at the solar surface, if no other cause has interfered which may 
nave affected our result. This last conditional limitation leads ns to 
the discussion of the important but difficult question, whether we can 
determine any such interfering cause, which, not being temperature} 
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yet produces the same change in a spectrum which we have hitherto 
only ascribed to changes of temperature. 

I must here remark that a change in type is not the only spectro- 
scopic change in the spectrum which is observed to take place on 
varying the temperature. Line spectra especially are subject to 
curious variations in the relative intensities of their lines. These 
variations follow no general rule, and must be investigated separately 
for each element. The cause of this variation is a subject on which 
there exists a great difference of opinion ; but, whatever this cause may 
be, if the changes always take place at one fixed temperature, we can 
turn them into account in measuring that temperature. However strong 
our wish that such a spectroscopic measurement of temperature may 
ultimately be obtained, a remarkable complication of facts has delayed 
the realisation of this hope for at least a considerable period of time. 

We have to enter partly into a theoretical question, and I must 
necessarily allude to some of the facts recognised by all \\ho believe 
in the molecular theory of gases. Each molecule, which, as we have 
seen, sends out rays of light and heat on account of its internal 
motion, is surrounded by other molecules. These are, indeed, very 
closely packed, and continually moving about with enormous velocities. 
Generally they move in straight lines, but it must necobsarily happen 
that often they come very near, and then affect and deflect each other. 
Perhaps they come into actual contact, perhaps they repel each other 
so strongly when near, that contact never takes place. The time 
elapsing between two such collisions is very small. If you can 
imagine one second of time to bo magnified to the length of a 
hundred years, it would only take about a second, on the average, 
from the time a molecule has encountered one other molecule until it 
encounters the second.. During the greatest part of this very short 
time, it moves in a straight line, for the forces between molecules are 
so small* that they do not affect each other, unless their distance is 
exceedingly small. It is, therefore, only during a very small fraction 
of time that one molecule is under the influence of another, and it is 
one of the greatest problems of molecular physics to find out what 
happens during that short element of time. I should like to explain 
to you how I believe the 8|)ectroscopo may contribute its share to the 
settlement of that question. In his first great paper on the molecular 
theory of gases, the late Professor Clerk Maxwell assumed that two 
molecules may actually come into contact, that they may strike eaoh 
other, as two billiard balls do, and then separate, according to the 
laws of elastic bodies. This theory is difficult of application when a 
molecule contains more than one atom, and especially as it did not in 
the case of conduction of heat give results ratified by the exporitnontal 
test. Maxwell abandoned it in favour of the idea that molecule! repel 
each other according to the inverse fifth power of the distance. This 
second theory not only gave what at the time was believed to bo the 
correct law for the dependence of the coofiSciont of conduction on 
temperature, but it also helped its author over a considerable mathe- 
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matical difficulty. Further experiments have shaken our faith in the 
first of these two reasons, and the second is not sufficient to induce us 
to adopt without further iiK^uiry the new law of action between two 
molecules. 

It is exceedingly likely that the forces acting between two mole- 
cules when they arc in close proximity to each other are partly due to, 
or at least modiiicd by the vibrations of the molecules themselves. 
Such vibrations must, as in the case of sjuud, produce attractive and 
repulsive forces, and vibrating molecules will affect racli other in a 
similar way as two tuning-forks would. Now, if the forces duo to 
vibi-ations play any iin])ortant part in a molecular encounter, the 
spectroscope will, I fancy, give us soino iiiforinatiou. If two mole- 
cules of the same kind encounter, the periods of vibration are the same, 
and the forces due to vibration will remain the same during, perhaps, 
the wliole encounter. If two dissimilar molecules encounter, the 
relative phase of the vibratij)ns, and hence the forces, will constantly 
change. Attraction will rai»idly follow repulsion, and the whole 
average effect will be much smaller than in the case of two atoms of 
the same kro? Wc have no clear notion how such differences may 
act, and we must have recourse to experiment to decide \vhetlier any 
change in the eff<‘ct of an encountLi* is observed when a molecule of 
a different kind is substituted for a molecule having the same periods 
of vibration. 

When a body loses energy by radiation, that energy is restored 
during an encounter ; the way in which this energy is restored will 
profoumlly affect the vibrations of the molecule, and hence the 
observed spc'ctrum. I have endeavoured by means of theoretical 
consid(‘ratious, or speculations, as you may perliai>s feel inclined to call 
them, to loatl you on to an experimental law which I believe to be of 
very great importance. The spectrum of a nudecule is in fact 
variable at any given teinperatur«', ami change’s if the molecule is 
surrounded by others of different nature. 

Placing a moJecnlc in an afnii^sj)hei c of dijferrnt nature irithont 
change of temperature produces the same effect as would be observed on 
lowering of temperature. 

Let me give you one exami^lc. Lithium at tlie temperature of tho 
Bunsen flame has almost exclusively one red lino in its spectrum. 
At tho high temperature of tho arc or spark tho rod lino becomes 
weak, and almost entirely disappears. It is replaced by a strong 
orange lino, which is already slightly visible, though weak, at low 
temperatures, aud by additional green and blue lines. 

But even at tho high terajjeraturc of tho spark wo may obtain 
again a spectrum containing the red lino only if we mix a small 
quantity of lithium with a large quantity of other material. The 
same spark, for iustaiico, will give us the low temperature spec- 
trum of lithium when taken from a dilute solution of a lithium salt, 
and tho high temperature spectrum when that solution is concen- 
trated. 
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The spectra of zinc and tin furnish us other examples in the 
same direction, but the spectra of nearly all bodies show the same law 
in a more or loss striking way. 

If this law which I have given you is a true one,* and I believe 
it will stand any test to which no doubt it will be subjected, we 
shall be able to draw some important conclusions from it. In the 
first place, it will be proved that the forces between atoms do depend 
on their vibrations. If this is true, any change in the vibrations 
of the spectrum, however small, will entail a corresponding change in 
all the other properties of the body. On the other hand, any change 
in the affinities of the element observed by other means will be 
represented by a change in the spectrum. 

It is also possible that the introduction of forces due to vibratory 
motion will help us over a considerable difficulty in the molecular 
theory of gases. Some of the conclusions of that theory are at 
present absolutely contrary to fact. A spectroscopist, for instance, 
who is acquainted with the mercury spectrum and all the changes in 
that spectrum which can take place, feels more than sceptical when he 
is told that the molecule of mercury contains only one atom, which 
neither rotates nor vibrates. 

Nor can it be of advantage to science to pass silently over this 
difficulty, or to neglect it as unessential, as is often done by modern 
writers. The late Professor Maxwell, at least, was well aware of its 
importance, and has often expressed in private conversation how 
serious a check ho considered the molecular theory of gases to have 
received. This is not the place to enter more fully into this point 
and to consider how the vibratory forces may affect seme of the 
suppositions on which the theoretical consequences are founded. 

However important, the effects of concentration or dilution on the 
spectra may be, they render the spectroscope less trustworthy as a 
thermometric instrument ; for if the company in which a molecule is 
placed changes the spectrum in the same way as temperature would, 
it will bo difficult to interpret our results. But although the dis- 
cussion of our observations may bo rendered more arduous and 
complicated, we need not on that account despair. It is one of the 
problems of spectroscopy to find out the composition of bodies, not 
only qualitatively, but also quantitatively, and when we shall know 
in what proportion different bodies are distributed in the sun, we may 


* Lockyer, ‘Studies in Spectrum Analynis,* p. 140, draws attention to the 
fact that an admixture of a second element dims the spectrum of the first, Imd be 
expresses this fact by saying : “ In encounters of dissimiLir molecules th0 vibra- 
tions of each are damp^.'* Later he has shown that the lines of oxygj^n and 
nitrogen, which are wide at atmospheric pressure, thin out when the gn^s are 
only present in small quantities. Locoq de Boisbaudran in his ‘Atlas* gives 
several examples of the differences in the relative brilliancv of lines product by 
concentrating or diluting the solution from which the spark is taken. The com- 
plete parallelism of this change to the changes produced by increased temperature 
has, however, never received sufiScient attention. 
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reduce the problem of finding out this temperature to the much 
simpler one of finding out the temperature of a given electric spark. 

I hope that the few facts which I have been able to bring before 
you to-night have given you some idea of the important questions 
which have been brought under the range of spectroscopic research. 
Many of those questions still await an answer, some have only been 
brought into the preliminary stage of speculative discussion, but the 
questions have been raised, and the student of the history of science 
knows that this is an important step in its development and 
progress. The spectrum of a molecule is the language which that 
molecule speaks to us. This language we are endeavouring to under- 
stand. The unexperienced in a new tongue which he is trying to 
learn does not distinguish small diflTerences of intonation or expres- 
sion. The power over these is only gradually and slowly acquired. 
So it is in our science. We have passed by, and no doubt still are 
passing by, unnoticed differences which appear slight and unimportant, 
but which when properly understood will give us more information than 
the rough and crude distinctions which have struck us at first. We 
have extendCu* <Kjr methods of research; wo have extended our power 
over the physical agents ; we can work with the temperature of sun 
and stars almost as we can with those in our laboratories. No one 
can foretell the result, and perhaps in twenty years’ time another 
lecturer will speak to you of a spectroscopy still more modern in 
which some questions will have received their definite answer, and 
by which now roads will have been opened to a further extension of 
science. 

[A. S.] 



Friday, March 4, 1881. 

William Bowman, Esq. F.B.S* Yico-President, in the Chair. 

Sir William Thomson, LL.D. F.B.S. etc. 

Elasticity viewed as possihly a Mode of Motion, 

With reference to the title of his discourse the speaker said : The 
mere title of Dr. Tyndall’s beautiful book, ‘ Heat, a Mode of Motion,’ 
is a lesson of truth which has manifested far and wide through 
the world one of the greatest discoveries of modem philosophy. 
I have always admired it; I have long coveted it for Elasticity; 
and now, by kind permission of its inventor, I have borrowed it for 
this evening’s discourse. 

** A century and a half ago Daniel Bemouilli shadowed forth the 
kinetic theory of the elasticity of gases, which has been accepted as 
truth by Joule, splendidly developed by Clausius and Maxwell, raised 
from statistics of the swayings of a crowd to observation and measure- 
ment of the free path of an individual atom in Tait and Dewar’s 
explanation of Crookes* grand discovery of the radiometer, and in the 
vivid realisation of the old Lucretian torrents with which Crookes 
himself has followed up their explanation of his own earlier experi- 
ments ; by which, less than two hundred years after its first discovery 
by Bobert Boyle, *the Spring of Air’ is ascertained to be a mere 
statistical resultant of myriads of molecular collisions. 

** But the molecules or atoms must have elasticity, and this elasti- 
city must be explained by motion before the uncertain sound given 
forth in the title of the discourse, * Elasticity viewed as possibly a 
Mode of Motion,’ can be raised to the glorious certainty of ‘ Heat, a 
Mode of Motion.’ ” 

The speaker referred to spinning-tops, the child’s rolling hoop, 
and the bicycle in rapid motion as cases of stiff, elastic-liko ^mness 
produced by motion ; and showed experiments with gyrostats in which 
upright positions, utterly unstable without rotation, were maintained 
with a &mne8S and strength and elasticity as might be by bands of 
steel. A flexible endless chain seemed rigid when caused to run 
rapidly round a pulley, and when caused to jump off the pull^, and 
let fail to the floor, stood stiffly upright for a time till its tiotion 
was lost by impacf and friction of its links on the floor. A lintp disc 
of indiarubber caused to rotate rapidly seemed to acquire the stifi&iesB 
of a gi^tic Bubens’ hat-brim. A little wooden ball which when 
thrust down under still water jumped up again in a moment, remained 
down as if embedded in jelly when the water was caused to rotate 
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rapidly, and sprung back as if the water had elasticity like that of 
jelly, when it was struck by a stiff wire pushed down through the 
centre of the cork by which the glass vessel containing the water was 
filled. Lastly, large smoke rings discharged from a circular or 
elliptic aperture in a box were shown, by aid of the electric light, in 
their progress through the air of the theatre when undisturbed. Each 
ring was circular, and its motion was steady when the aperture from 
which it proceeded was circular, and when it was not disturbed by 
another ring. When one ring was sent obliquely after another the 
collision or approach to collision sent the two away in greatly changed 
directions, and each vibrating seemingly like an indiarubber band. 
When the aperture was elliptic each undisturbed ring was seen to be 
in a state of regular vibration from the beginning, and to continue so 
throughout its course across the lecture-room. Here, then, in water 
and air was elasticity as of an elastic solid, developed by mere motion. 
May not the elasticity of every ultimate atom of matter be thus 
explained? But this kinetic theory of matter is a dream, and can 
be nothing else, until it can explain chemical affinity, electricity, 
magnetism., gnsvitation, and the inertia of masses (that is, crowds of 
vortices). 

Le Sage’s theory might easily give an explanation of gravity and 
of its relation to inertia of masses, on the vortex theory, were it not 
for the essential aeolotropy of crystals, and the seemingly perfect 
isotropy of gravity. No finger-post pointing towards a way t^t can 
possibly lead to a surmounting of this difficulty, or a turning of its 
f ank, has been discovered, or imagined as discoverable. Belief that 
no other theory of matter is possible is the only ground for antici- 
pating that there is in store for the world another beautiful book to 
be called ** Elasticity, a Mode of Motion.” 

[W.T.] 



Friday, March 11, 1881. 

William Spottiswoode, Esq. M.A. D.C.L. Pres. R.S. &c. 
in the Chair. 

Shelfobd Bidwell, M.A. LL.B. M,B,L 

Selenium and its applications to the Phoiophone and Telephotography, 

Bkfobe entering upon my subject, I must claim your indulgence upon 
two grounds. A week ago I had not the remotest idea that I was to 
have the honour of addressing you here this evening; the time 
which I have had for preparation has, therefore, been exceedingly 
limited. In the second place, it is my desire (in accordance with 
the traditions of this Institution) not merely to give a description 
of the experiments in which I have for the last few months been 
engaged, but, as far as possible, to reproduce them before you. Now 
these experiments are mostly of a very delicate nature. In the quiet 
of a laboratory — where time is practically unlimited, and where an 
operation, if it should fail at tot, may bo repeated a» indefinite 
number of times— success is tolerably certain to be finally obtained ; 
but in exhibiting delicate experiments before an audience, one is 
working under the most unfavourable conditions, and, in caso of 
failure in the first instance, the attempt cannot generally bo repeated. 
Moreover, the substance with which we are chiefly concerned, sele- 
nium, is apparently extremely capricious in its behaviour. This 
appearance is, of course, really due to our present ignorance of its 
properties ; but the fact remains that, on account of the great uncer- 
tainty of its action, it is a very difficult substance to deal with. 

Selenium is a rare chemical element which was discovered in the 
beginning of the present century. In many of its properties it closely 
resembles sulphur, and, like sulphur and some other substances, it is 
capable of existing in more than one form. 

The ordinary form is that called vitreous. Selenium in this con- 
dition is as absolutely structureless as glass, and in appearance 
resembles nothing so much as bright black sealing-wax,, with, 
perhaps, somewhat of a metallic lustre; its real colour, hciwever, 
when seen in thin films, is ruby red. Its melting-point is a little 
higher than 100° C. In its second modification selenium is crystal- 
line. When in this form its surface is dull, its fracture is metallio 
(not unlike that of cast iron), its colour is grey or leaden, and it is 
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quite opaque to light ; its melting-point also is considerably higher, 
being ‘il7° C. 

Vitreous selenium, if melted and kept for a certain length of time 
at a temperature between its own fusing-point and that of crystalline 
selenium, will crystallise ; and I think I am right in saying, from 
casual observation, though I have made no experiments to verify the 
point, that tho length of time necessary for crystallisation depends 
upon the degree of temperature, being proportionately shorter as the 
temperature approaches 217° C. 

Vitreous selenium is an exceedingly bad conductor of electricity ; 
it is, indeed, an almost perfect insulator. Crystalline selenium is a 
moderately good conductor, and it possesses this very remarkable 
property, which has been utilised in the photophone and other inven- 
tions, that it conducts better in the light than in the dark, tho change 
in its resistance to tho passage of a current of electricity through it 
varying, according to Professor W. G. Adams, as the square root of 
tho illuminating power. 

Let a galvanometer be connected to tho two polos of a battery by 
means of twi% ^'opper wires. The passage of a current of electricity 
will at once bo denoted by the deflection of the magnetic needle ; or, 
if a little mirror is attached to the needle, and a beam of light be 
reflected from it upon a scale, the movement of the spot of light will 
indicate the movement of the needle. Let now one of tho wires be 
cut, and the two ends be joined together by a piece of crystalline 
selenium. Tho spot of light will again move, but its deflection will 
be very much less than it was before, showing tliat the resistance of 
the selenium is very much greater than that of the wire. Moreover, 
if the piece of selenium be alternately exposed to and screened from 
a beam of light, tho deflection will bo greater when it is in the light 
than when it is in the dark, showing a corresponding variation in its 
resistance. This remarkable property of selenium was first announced 
and exhibited by Mr. Willoughby Smith in 1873. But tho effects 
pro<luccd by the simple arrangement which 1 have just described 
are small, and very delicate instruments are required for their 
observation. 

Since that date several devices have boon proposed for exaggerating 
the effect, but they all depend upon tho fact that tho amount of 
the variation increases with the extent of tho selenium surface acted 
upon. It has lately beeu the fashion to call these arrangements 
“ cells,” which, in most cases at all events, seems to be a very inap- 
propriate name. It has been suggested that they should be termed 
“ rheostats,” a name which well expresses the purposes for which 
they are generally used, and is less likely to lead to confusion than 
the other. In deference to custom, however, I shall to-night call 
them by the usual name. 

Tho simplest selenium coll which could be devised, would be 
made by placing two short pieces of copper wire parallel to each 
other, and very near together, and connecting them by a narrow strip 
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of solenium. The effect produced by light is increased by lengthen- 
ing this arrangement Wo might go on increasing the wires with 
advantage until they were 10 or 12 feet long or more, every addi- 
tional inch of length producing an increase of “sensitiveness” as it 
is called. But a coll of this length would be cumbersome and un- 
wieldy to use, and in fact could hardly be lifted without being 
destroyed. Dr. Werner Siemens therefore adopted the device 
(among others) of coiling up the wires so as to form a double spiral, 
and thus made a convenient and portable cell of great sensitiveness. 
But it is very difficult indeed, as I know by experience, to produce 
these double wire spirals of any considerable size without the two 
wires touching one another at some point. After many attempts I 
succeeded in producing spiral cells about f inch in diameter, but I 
found it impossible to exceed this size, and as it was not largo enough 
I adopted a simple and very effective variation of Siemens’s method, 
whicli I believe has not been previously suggested. A copper wire 
is wound after the fashion of a flat screw around a narrow slip of 
mica, the threads of tlio screw being about inch apart. Beside 
this wire, and at a distance of inch from it, a second \\iro is 
wound in exactly the same manner, each of its turns coming midway 
between two consecutive turns of the first. Care is taken that the 
two wires do not touch each other at any point. Over one surface of 
the mica a film of melted selenium is spread, and after being worked 
smooth and uniform it is crystallised. By this means the two wires 
are connected with each other through half their entire length, by 
a series of very narrow strips of crystalline selenium, 

I have hero a tiny selenium cell w'hich has been constructed in 
this manner. Each wire makes about six turns, and the area of the 
selenium upon its surfa<;e is about half that of a threepenny piece, its 
thickness not much exceeding that of a sheet of ordinary note-paper. 
Its resistance, though it is very high relatively to that of good con- 
ductors, is, compared with anything of the kind that I had ever seen 
before, remarkably low, and its sensitiveness to light is great. When 
a batswing gas-flamo is held at a distance of tbreo inches from it, its 
resistance is loss than one- third of that which it measures in the dark. 
Larger and more carefully constructed cells, of course, show bettor 
results. No form, however, that I have tried (and I have made 
several dozens) has in my hands been superior to that of a double 
fiat screw. 

When cells are to bo made of any considerablo sizo, the labour of 
winding on the wires with sufficient regularity is very great* By 
the help of a latho this difficulty may bo reduced to a minimum. The 
method of proceeding is this : — A cylinder is turned of hard wood, of 
length and diameter slightly greater than that of the proposed coll. 
This cylinder is cut longitudinally into two c<jual parts, and between 
the two semi-cylinders thus fi^rmed a slip of mica is placed sandwich- 
like. The ends arc secured with screws, and the whole is smoothed 
down in the lathe. When the edges of the mica are quite flush with 
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the surface of the wood, a screw of from thirty to forty threads to the 
inch is cut upon tlie cylinder. On removing tho mica from the wood 
its two edges aro found to bo beautifully and regularly notclied. Tho 
first wiie is then Avound into alternate notches, and the second into 
tho otliors. 

I Avill throw upon tho screen tho imago of a slip of mica Avith the 
two wires wound upon it, and ready for tho reception of tho selenium 
coating. It will be seen that tho turns aro i)erfectly regular, and 
close as the wires aro to each other, they do not touch at any point. 

(Fig- 1-) 



Mica Pifatc, wound with Tvao Copper Wires ready for Stlcnium Coating 

Tho next step is to apply the selenium, and to do this properly is 
an operation which requires a certain amount of practice and patience. 
Tlio mica is heated to a tomperaturo slightly above 217° 0., and 
melted selenium is spread over its surface as CAcnly as possible with 
a metal spatula. Tho coll is then cooled, and its surfaco should be 
smooth and lustrous. Before you is an embryo cell which has reached 
this stage of its preparation. Tlio selenium being still in tho vitreous 
condition, is a perfect insulator, and Avheii the cell is connected in 
circuit with a battery and a reflecting galvanometer, tho spot of light 
is found to be absolutely motionless. I now propose to crystallise 
tho selenium in your presence. Tho mere crystallisation occupies a 
very short time. It is only necessary to place the coll upon a brass 
plate, and raise it by means of a Bunsen burner to a temperature 
somewhat below the fusing point of crystalline selenium. 1 he method 
described by Professor Adams in his classical paper published in the 
‘ Philosophical Transactions,’ is entirely different. He lieated a bucket 
of sand by placing in it a red-hot iron ball. At tho expiration of an 
hour he removed the ball, and placed in the heated sand his pieces of 
vitreous selenium, wrapped up in paper. After remaining for twenty- 
four hours, the selenium was generally found to have attained the 
crystalline form, and tho resistance of some of his specimens thus 
prepared was far lower than that of any which have been made by 
myself. Their sonsitivoncss, however, does not appear to have been 
great. The motlmd of crystallisation Avhich T generally adopt, and 
which is due to Professor Graham Bell, has at all events tho merits 
of simplicity and rapidity. In two or throe minutes the whole surface 
of tho selonium film becomes dull and sJatc-coloured, and if, when tlio 
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cell has attained this condition, it be removed from the hot metal 
plate, I have little doubt that on testing it with a galvanometer, it 
will be found to conduct electricity and to be sensitive to light. (Exp.) 
According to Professor Graham Bell, nothing more is necessary for 
obtaining the greatest degree of sensitiveness. The old-fashioned 
process of long heating and slow cooling may, he says, bo altogether 
dispensed with. In this matter my experience differs entirely from 
his, for I find that cells which have been kept for some hours at a 
temperature just below the point of fusion, and tlion allowed to cool 
very gradually, are vastly more sensitive to light than those which 
have not been thus anneaJed. 

The following table shows the resistances in the dark, and under 
different degrees of illumination, of a few cells taken from my stock. 
The resistance of No. 6, when exposed to a lime>light at 10 inches, is 
less than ono-fiftieth of its resistance in the dork. 


Resistances in Ohms. 



1 

1 

Gas Jet at 



Cen No 

In Dark. 


■ — 

— 




1 12 Inches 

1 6 Inches. 

1 3 Inches 


4 

{ 400,000 

190,000 

150,000 

80,000 

Llme-llght 
at 10 ImhPs, 

6 

290,000 

80,000 

54,000 

29,000 

5,700 

7 

1 430,000 

100,000 

110,000 

64,000 


9 

87,000 

52,000 

42,000 

33,000 

With Alum 
Coll, 

10 

62.000 

32,000 

26,000 

17,000 

- 14,000 

11 

100,000 

63,000 

50,000 

33,000 

24,000 

12 

22,700 

' 9,100 

6,600 

4,500 

.. 


I 


It is an interesting question, which of the coloured components of 
white light has the greatest power in effecting these changes in the 
resistance of selenium ; or, again, whether the effect is produced by 
light at all, or is due simply to heat. Captain Sale came to the con- 
clusion, on moving a piece of selenium through the solar spectrum, 
that the maximum effect was produced at or just outside the extreme 
end of the red, at a point nearly coinciding with the maximum of the 
heat rays. Professor Adams performed the same experiment with 
the spectrum both of the sun and of the electric light, and found that 
the action on the selenium was greatest ** in the grcenish-yellot^ and 
in the red portions of the spectrum.*’ The greenish-yellow ^fs the 
point of maximum Illumination, which is a remarkable fact ; bfit his 
words seem to imply that there was a second maximum in thb red. 
The violet and the ultra-violet rays, he says, produced very little, 
if any, effect. In consequence of the discrepancies in these results, I 
determined to repeat the experiment for myself. The source of light 
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which I used in the first instance was an oxy-hjdrogon lime-light, and 
the spectrum was formed with a bisulphide of carbon prism. The 
experiment was repeated six times, and three difierent sdenium cells 
were used. The results were precisely the same in every case, and 
proved in the most marked manner that the greatest influence 
occurred in the boundary-line between the red and the orange ; thus 
differing completely from the results obtained both by Captain Sale 
and by Professor Adams. Moreover, the resistance when the selenium 
cells wore placed in the ultra-red, two inches beyond the limits of the 
visible spectrum, was in every case lower than when it was in the 
blue, indigo, and violet But even in the ultra-violet the resistance 
of the cells was lower than when they were quite removed from the 
spectrum. 

My friends Mr. Preece and Mr. W. H. Coffin, who were present 
during these experiments, suggested that it would be desirable to vary 
them by making use of different sources of light, and different methods 
of dispersion ; and a few days afterwards, by the great kindness of 
Mr. Norman Lockyer, they were repeated in Mr. Lockyer’s laboratory 
by Mr. Preoce and myself wuth the electric light and a magnificent 
diffraction grating. Nino experiments were made with three cells, 
and the results were as absolutely concordant as those which we had 
previously obtained ; but they all concurred in placing the maximum 
at the extreme edge of the red, tlius agreeing with Captain Sale’s 
observations. One other remarkable effect must bo noticed. In the 
case of a single coll — that which I distinguish as No. 6 — with which 
three experiments were made, a second maximum w^as observed in 
every case in the greenish yellow, though the effect was about 20 per 
cent, smaller than at the extreme red. The electric light, however, 
is from its great unsteadiness most unsuitable for experiments of this 
nature, and since no such exceptional phenomenon was ever observed 
before or since, I am inclined to believe that, by a coincidence which 
however remarkable is by no means impossible, the light happened to 
be unusually intense just on the three occasions when this particular 
cell was in the greenish yellow'. A third series of experiments mado 
with a gas flame and a bisulphide of carbon prism, agreed with the 
first in placing the maximum at the orange end of the red. Many 
more combinations of sources of light and dispersion remain to be 
tried, but time for these and for innumerable other experiments which 
have suggested themselves has hitherto been wanting : for an opera- 
tion which may be described in a dozen w’ords not unfrequently 
requires as many hours for its performance. 

By the help of a reflecting galvanometer I now propose to show 
you the various effects produced by different parts of the spectrum of 
the electric light formed by a bisulphide prism upon the resistance of 
a selenium cell. The maximum deflection is seen to occur when the 
selenium is at the extreme outer edge of the red. 

The effect of interposing various coloured glasses between a gas 
flame and the selenium cell was also tried. The greatest effect was 
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produced by orange glass, the smallest by groen. It was, too, 
obseryed as a remarkable fact that the light transmitted by a dark- 
blue glass produced a greater effect than that which had been passed 
through a blue glass of much lighter tint. But on a spectroscopio 
examination the darker one was found to transmit a certain portion of 
red light. I also tried the effect of radiation from a black-hot poker 
held at a distance of about 6 inches from the selenium, and upon the 
first trial found that the resistance, instead of being diminished, was 
increased by several thousand ohms. I imagined this to be due to a 
rise of temperature in the selenium, and was thus led to experiment 
upon the effect of temperature. In this matter, too, there is a remark- 
able discrepancy between the authorities. Professor Adams says that 
an increase of temperature increases the resistance of selenium, and 
even suggests that a selenium bar should be used for the construction 
of a very delicate thermometer. Dr. Guthrie, Messrs. Draper and 
Moss, and others, make the directly opposite assertion that the 
resistance of selenium diminishes with heat. 1 repeated my poker 
experiment, which hod in the former case apparently corroborated 
Professor Adams, and now to my utter astonishment I found that the 
resistance was greatly diminished. This second experiment, there- 
fore, seemed to support Dr. Guthrie’s statement. A great number 
of experiments were now undertaken for the purpose of arriving 
at the truth of the matter, with the details of which I will not 
weary you. Solutions of alum in water, of iodine in bisulphide of 
carbon, plates of glass and of ebonite were interposed between the 
selenium and the sources of light and heat. The selenium was now 
fried, now frozen ; and the most contradictory results weivobtained. 
At one moment I felt convinced that Professor Adams was right, at 
the next there appeared, to be no shadow of doubt that Dr. Guthrie’s 
was tha true theory. In fact, it seemed as if the selenium was pos- 
sessed by a demon which produced the variations in accordance with 
the caprices of its own unaccountable will. At length, when the 
confusion was at its height and the demon most bewildering, the true 
explanation was suddenly revealed, and so exceedingly simple is it 
that now the only marvel is that it should have so long eluded dis- 
covery. The secret of the matter is this : and it discloses one of the 
most remarkable properties of this most remarkable substance. There 
is a certain degree of tempeiaturo at which a piece of crystalline 
selenium has a maximum resistance. If a piece of selenium at this 
temperature is exposed to either heat or cold — it matters not which — 
its resistance will at once be diminished ; and extremes of eithef pro- 
duce a far greater variation than is ever effected by the action of light. 
A selenium cell which at the ordinary temperature measured in a dim 
light 110,000 ohms', was reduced by immersing it in oil at 115°^ 0. to 
18,000 ohms. The resistance of the same cell was reduced Vty im- 
mersing it in turpentine at — 6^ C. to 49,000 ohms. In the case of 
the single cell with which I have hitherto made the experiment, the 
temperature on each side of which the resistance is oiminiBh^ is 
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24° 0.* Let this piece of selenium be gradually raised from a tem- 
perature of zero to a temperature of 100° 0. While passing from zero 
to 24°, its resistance will rapidly increase. Passing from 24® to 100° 
its resistance will again rapidly diminish. (This experiment was 
successfully shown.) 

Until Professor Bell directed his attention to selenium, all observa- 
tions concerning the effect of light upon its conductivity had been 
made by means of the galvanometer. But it occurred to him that the 
marvellously sensitive telephone which he has invented might with 
advantage bo used for the purpose, and on the 17th May, 1878, he 
announced in this theatre “ the possibility,” to use his own words, “ of 
hearing a shadow by interrupting the action of liglit upon selenium.” 
A few days afterwards Mr. Willoughby Smith informed the Society of 
Telegraph Engineers that he had carried this idea into effect, and had 
hoard the action of a ray of light upon a piece of crystalline selenium. 

When a selenium cell, a telephone, and a battery are connected in 
circuit, a uniform current of electricity will, under ordinary circum- 
stances, flow through the telephone, and a person listening would hear 
nothing. Siippose now that a seiies of flashes of light were allowed 
to fall upon the selenium. In the intervals of darkness the selenium 
cell would offer a greater resistance to the passage of the electric 
current than during the intervals of light. The strength of the 
current would be constantly varying ; and if the flashes succeeded ono 
anotlier quickly enough and with sufficient regularity, a musical note 
would now bo heard by a person listening at the telephone. The 
exact pitch of this note would of course depend upon the rate at 
which the flashes succeeded one another, being high when the succes- 
sion is rapid, low when it is slow. The nature of this sound is very 
peculiar, reminding one of the moaning of a syren or the rising and 
falling of the wind. With a sufficiently sensitive cell, powerful 
battery, and delicate telephone, the sound may be heard at a distance 
of many feet. 

I shall interrupt the steady beam of light which is now falling 
upon the cell by causing a zinc disk with radial slits cut in it to 
rotate in the path of the beam, and the sound produced by the rapid 
succession of light and shade upon the selenium cell will be heard in 
the telephone. When the cell is screened from the light, the sound at 
once ceases. When the screen is removed, the sound is again heard 
as before. By using a system analogous to that of dots and dashes, 
on intermittent beam of light might be employed to convey photo- 
phonic messages to a distance. 

But Professor Bell has gone further than this. Ho was not satisflod 
with merely interrupiing a steady beam of light, producing alternately 
strong light and total darkness, but ho aimed at graduating its 


* Tho experiment has since been repeated with five other cells, and their 
temperatures of maximum resistance were found to be 23°, 14°, 30°, 25°, and 22° 
respectively. 
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intoDsitj in correspondence with the varying phases of the complex 
sound-waves produced by the human voice. It is evident that if a 
beam so regulated were allowed to fall upon the selenium cell, the 
exact words spoken, with their articulation unimpaired, would be re- 
produced in the telephone. Professor Bell adopted a device which is 
equally marvellous for its extraordinary simplicity and for its perfect 
efficiency. The beam of light is made to fall upon the face of a small 
flexible mirror, whence it is reflected to the distant selenium cell, 
lenses being used for the purpose of rendering the rays parallel and 
condensing them where required. The speaker directs his voice upon 
the back of tiie mirror, which takes up the sound-waves and is thrown 
into a state of vibration, thus becoming alternately concave and 
convex. Now, when it is concave the light reflected by it is more 
concentrated, and the selenium cell more brightly illuminated. On 
the other hand, when it is convex, the opposite effect is produced : the 
rays are more dispersed and the illumination of the cell less intense. 
And since the movements of the mirror are in exact correspondence 
with the sound-waves of the voice, so also will be the intensity of the 
illumination of the selenium cell. The strength of the current pass- 
ing through it will vary in the same proportion, and will cause the 
telephone plate to vibrate in consonance with the mirror, and thus to 
reproduce the exact sounds by which the mirror was set in motion. 

In the small experimental photophono which is before you, the 
receiving station is within 20 feet of the transmitter, and any sounds 
heard in the telephone would of course be utterly drowned by the 
actual voice of the sj^cakcr at the mirror. It is necessary, therefore, 
to prolong the telephone wires, and carry them to a diSlaut room, 
where the sounds that have tiavolled along the beam of light can ho 
heard without interruption. Professor Bell, using instead of a lens 
a largo reflector for receiving the beam of light, has heard words 
which were spoken when the mirror was 700 feet away from the 
selenium cell. 

It is impossible to exhibit the photophono in action to an 
audience, because the effects can only bo heard by a single person 
at a time. But I may mention, that in the course of some expcii- 
ments with this little instrument which Professor Tyndall very 
kindly permitted mo to make heie on the 7th of December last, every 
word transmitted by it was perfectly uuderstood. 

I propose now to say a few words upon another and very different 
application of selenium. In point of interest and impi^rtanco it 
cannot be compared with the photophone . but since it is a ctild of 
my own I naturally regard it with a certain amount of affection. It 
occurred to me a, few months ago that the wonderful property of 
selenium, which we have been discussing this evening, might be 
applied in the construction of an instrument for transmitting pictures 
of natural objects to a distance along a telegraph wire. I have 
constructed a rough experimental apparatus in order to ascertain 
whether my ideas could be carried out in practice, and it is so far 
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sucoessful, that although the pictures hitherto transmitted are of a 
very rudimentary character, I think there can be little doubt that 
further elaboration of the instrument would render it far more 
effective. 

Iodide of potassium is very easily decomposed by a current of 
electricity. If a piece of paper which has been soaked in a solution 
of this substance be laid on a piece of metal M, Fig. 2, which is con- 
nected to the negative pole of a battery B, and a piece of platinum 


Fig. 2. 



wire r, which is connected with the positive pole, be drawn over its sur- 
face, the path of the point will bo marked by a brown lino, duo to the 
liberation of iodine. Let the platinum wire and the metal plate bo 
connected to a second battery B' in such a manner that a current of 
electricity may pass through tlie paper in the opposite direction ; and 
let a variable resistance II be inserted between the platinum wire 
and the first battery B, and a selenium cell S between the platinum 
wire and the second battery. And let the resistance be so adjusted 
that when the selenium cell is exposed to a strong light, the two 
opposite currents through the paper and the galvanometer G 
neutralise each other ; then the point when drawn over the paper 
will make no mark. But if the selenium cell is shaded, its resistance 
will be immediately increased, and the current from the first battery 
will predominate. The point, if moved over the paper, will now 
trace a strong line, which, if the selenium is again exposed, will be 
broken off or enfeebled according to the intensity of the light. (Exp.) 

If a series of these brown lines w'ore drawn parallel to one another 
and very close together, it is evident that by regulating their intensity 
and introducing gaps in the proper places any design or picture might 
be represented. This is the principle of Bakewrirs copying telegraph, 
which will transmit writing or pictures drawn upon tinfoil with a 
non-conducting ink. My instrument differs from his in that the 
current is varied simply by the action of light. The transmitting 
instrument Y, Fig. 8, consists of a small cylindrical box 2 inches 
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deep^ mounted upon a horizontal spindle, upon whioh is out a screw 
having sixty-four threads to tho inch. This works in two bearings 
4 inches apart, one of which has an inside screw corresponding to 
that upon the spindle. At a point midway between the two ends of 
the cylinder a pin-hole H is drilled, and behind the hole a selenium 


Fia. 8. 
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cell S is fixed. One terminal of the selenium coll is connected 
(through the spindle and stand of tho instrument) with the negative 
pole of a battery B', the other with the line wire M to tho distant 
stotion. The receiving instrument X contains a similar brass cylinder, 
similarly mounted. A platinum point P presses gently upon its sur- 
face, and is connected both to the line wire and, through a variable 
resistance R, with the positive pole of a local battery B, tho iicgative 
pole of which is connected through the galvanometer G ^ith tho 
cylinder. A wir^ or earth connection N, between the negative pole of 
the local battery and tho positive pole of the other, completes the 
arrangement. 

To prepare the instruments for work the cylinder of the trans- 
mitting instrument is brought to its middle position and a picture not 
more than 2 inches square is focussed upon its surface by means of 
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a photographic lens L. The hole H in the cylinder is then brought 
to the brightest point of the focussed picture, and a scrap of sensitised 
paper being placed under the platinum point of the receiver, the 
variable resistance is adjusted so that the two opposite currents 
through the paper neutralise each other. When this is accomplished 
the two cylinders are screwed back as far as they will go, the 
cylinder of the receiver is covered with sensitised paper, and all is 
ready to commence operations. 

Tho two cylinders are caused to rotate slowly and synchronously. 
The little hole in the transmitting cylinder will in tho course of its 
spiral path cover successively every point of the focussed picture, and 
the amount of light falling at any moment upon tho ^selenium cell 
will bo proportional to tho illumination of that particular spot of 
tlio picture which, for tho time being, is occupied by the pin-hole. 
During the greater part of each revolution tho platinum point will 
trace a uniform brown line upon the prepared paper, but when tho 
pin-hole happens to bo passing over a bright part of the picture, this 
lino is enfeebled or broken. The spiral traced by the point is so 
close as to .pfo*luco, at a little distance, the appearance of a uniformly 
coloured surface, and the breaks in the continuity of the lino constitute 
a picture which, if the instrument were perfect, would be a counter- 
part of that projected upon the transmitter. 

The pictures upon which I havo hitherto operated have been 
mostly simple designs, such as diamonds and squares cut out of thin 
metal, and projected by a magic lantern (see Fig. 4). But tho instru- 
ment is in its earliest stago of infancy. It is at present hardly a 


Fig. 4. 



single month old, and I regret to say that since its birth it has been 
shamefully neglected, circumstances having prevented me from giving 
it even the ordinary care and attention which all young creatures 
ought to receive. Nevertheless, I cannot but think that it is capable 
of indefinite development; and should there ever bo a demand 
for telephotography, it may in time turn out to bo a useful member 
of society. 

[S. B.] 




Friday, April 8, 1881. 

Gbobgb Busk, Esq. F.R.S. Treasurer and Vice-President, 
in the Chair. 

Professor Tyndall, D.C.L. F.R.S. M.BJ. 

The Conversion of Badiant Heat into Sound, 

The Royal Society has done me the honour of publishing a long 
series of memoirs on the interaction of radiant heat and gaseous 
matter. These memoirs did not escape criticism. Distinguished 
men, among whom the late Professor Magnus and the late Professor 
BuflP may be more specially mentioned, examined my experiments, and 
arrived at results different from mine. Living workers of merit have 
also taken up the question, the latest of whom,* while justly recog- 
nising the extreme difficulty of the subject, and while verifying, so 
far as their experiments reach, what 1 had published regarding dry 
gases, find that I have fallen into what they consider grave errors in 
my treatment of vapours. 

None of these investigators appear to me to have realised the 
true strength of my position in its relation to the objaats I had in 
view. Occupied for the most part with details, they have failed to 
recognise the stringency of my work as a whole, and have not taken 
into account the independent support rendered by the various parts of 
the investigation to each other. They thus ignore verifications, both 
general and special, which are to me of conclusive force. Neverthe- 
less, thinking it due to them and me to submit the questions at issue 
to a fresh examination, I resumed some time ago the threads of the 
inquiry. The results shall in due time be communicated to the 
Royal Society ; but meanwhile I would ask permission to bring to the 
notice of the Fellows a novel mode of testing the relations of radiant 
h^9t to gaseous matter, whereby singularly instructive effects have 
obtained. 

Last year I became acquainted with the ingenious and original 
experiments of Mr. Graham Bell, wherein musical sounds are obtained 
through the action of an intermittent beam of light up^n solid 
bodies. From the first I entertainod the opinion that these Angular 
sounds were ctftised by rapid changes of temperature, pi^oduoing 
corresponding changes of shape and volume in the bodies impinged 


* Lecher and Pemter, * Philosophical Magazine, * January, 1881 *, ‘ 8itzb. der 
k. Akad. der Wissensch. in Wien,’ July, 1880. 
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upon by the beam. But if this be the ease, and if gases and vapours 
really absorb radiant heat, they ought to produce sounds more intense 
than those obtainable from solids. I pictured every stroke of the beam 
responded to by a sudden expansion of the absorbent gas, and con- 
cluded that when the pulses thus excited followed each other with 
sufficient rapidity, a musical note must be the result. It seemed 
plain, moreover, that by this new method many of my previous results 
might be brought to an independent test. Highly diathermanous 
bodies, I reasoned, would produce faint sounds, while highly adiather- 
manous bodies would produce loud sounds ; the strength of the sound 
being, in a sense, a measure of the absorption. The first experiment 
made with a view of testing this idea, was executed in the presence of 
Mr. Graham Bell ; * and the result was in exact accordance with what 
1 had foreseen. 

The inquiry has been recently extended so as to embrace most of 
the gases and vapours employed in my former researched. My first 
source of rays was a Siemens* lamp connected with a dynamo-machine, 
worked by a gas-engine. A glass lens was used to concentrate the 
rays, and Jiiflct wards two lenses. By the first the rays were rendered 
parallel, while the second caused them to converge to a point about 
seven inches distant from the lens. A circle of sheet zinc provided 
first with radial slits and afterwards with teeth and interspaces cut 
through it, was mounted vertically on a whirling table, and caused to 
rotate rapidly across the beam near the focus. The passage of the 
slits produced the desired inter mittonco,t while a flask containing the 
gas or vapour to bo examined received the shocks of the beam imme- 
diately behind the rotating disk. From the flask a tube of indiarubber, 
ending in a tapering one of ivory or boxwood, led to the ear, which 
was thus rendered keenly sensitive to any sound generated within the 
flask. Compared with the beautiful apparatus of Mr. Graham Bell, 
the arrangement hero described is rude : it is, however, very 
effective. 

With this arrangement the number of sounding gases and vapours 
was rapidly increased. But I was soon made aware that the glass 
lenses withdrew from the beam its most effectual rays. The silvered 
mirrors employed in my previous researches were therefore invoked ; 
and with them, acting sometimes singly and sometimes as conjugate 


* On November 29 ; see * Journal of the Society of Telegraph Engineers,* 
December 8, 1880. 

t When the disk rotates the individual blits disappear, forming a hazy zone 
through which objects are visible. Throwing by the clean hand, or better still by 
wliito paper, the beam back upon the disk, it ap]^>oars to stand still, the slits 
forming so many dark rectunglcs. The reason is obvious, but the experiment is a 
very beautiful one. 

I may add that when I stand with open eyes in tho flashing beam, at a 
dt finite velocity of recurrence, subjective colours of extraordinary gorgeousness 
are produced. With slower or quicker rates of rotation the colours disappear. 
Tho flashes also produce a giddiness sometimeB mteuso enough to cause mo to 
grasp the table to keep myself erect. 
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mirrors, the onrions and striking resnlts which I have now the honour 
to submit to the Members were obtained. 

Sulphuric ether, formic ether, and acetic ether being placed in 
bulbous flasks, their vapours were soon diffused in the air above the 
liquid. On placing these flasks, whose bottoms only were covered by 
the liquid, behind the rotating disk, so that the intermittent beam 
passed through the vapour, loud musical tones were in each case 
obtained. These are known to be the most highly absorbent vapours 
which my experiments revealed. Chloroform and bisulphide of 
carbon, on the other hand, are known to bo the least absorbent, the 
latter standing near the head of diathermanous vapours. The sounds 
extracted from these two substances wore usually weak and some- 
times barely audible, being more feeble with the bisulphide than 
with the chloroform. With regard to the vapours of amylono, iodide 
of ethyl, iodide of methyl and benzol, other things being equal, their 
power to produce musi^ tones appeared to bo accurately expressed 
by their ability to absorb radiant heat. 

It is the vapour, and not the liquid, that is effective in producing 
the sounds. Taking, for example, the bottles in which my volatile 
substances are habitually kept, I permitted the intermittent beam to 
impinge upon the liquid in each of them. No sound was in any 
case produced, while the moment the vapoar>laden space above an 
active liquid was traversed by the beam, musical tones made them- 
selves audible. 

A rock-salt cell filled entirely with a volatile liquid and subjected 
to the intermittent beam produced no sound. This cell was circular 
and closed at the top. Once, while operating with a higWy adiather- 
manous substance, a distinct musical note was heard. On examining 
the cell, however, a small bubble was found at its top. The bubble 
was less than a quarter of an inch in diameter, but still sufficient to 
produce audible sounds. When the cell was completely filled the 
sounds disappeared. 

It is hardly necessary to state that the pitch of the note obtained 
in each case is determined by tho velocity ot rotation. It is the same 
as that produced by blowing against the rotating disk and allowing 
its slits to act bke the perforations of a syren. 

Thus, as regards vapours, prevision has been justified by experi- 
ment. I now turn to gases. A small flask, alter having been heated 
in the spirit lamp so as to detach all moisture from its sides, was 
carefully filled with dried air. Placed in the intermittent beam it 
yielded a note so feeble as to be heard only with attention* Dry 
oxygen and hydrogen behaved like dry air. This agrees with my 
former experiments, which assigned a hardly sensible absorption to 
these gases. When the dry air was displaced by carbonic a^id, the 
sound was far louder than that obtained from any of the elementary 
gases. When the carbonic acid was displaced by nitrous oxide the 
sound was much more forcible still, and when the nitrous oxide was 
displaced by olefiant gas it gave birth to a musical note which, when 
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the beam was in good condition and the bulb well chosen, seemed as 
loud as that of an ordinary organ-pipe. We have here the exact order 
in which my former experiments proved these gases to stand as 
absorbers of radiant heat. The amount of the absorption and the 
intensity of the sound go hand in hand. 

In 1859 I proved gaseous ammonia to be extremely impervious 
to radiant heat. My interest in its deportment when subjected to this 
novel test was therefore great. Placing a small quantity of liquid 
ammonia in one of the flasks, and warming the liquid slightly, the 
intermittent beam was sent through the space above the liquid. A 
loud musical note was immediately produced. 

In this relation the vapour of water interested me most, and as I 
could not hope that at ordinary temperatures it existed in sufficient 
amount to produce audible tones, I heated a small quantity of water 
in a flask almost up to its boiling-point. Placed in the intermittent 
beam, I heard — I avow with delight — a powerful musical sound 
produced by the aqueous vapour. 

Small wreaths of haze, produced by the partial condensation of the 
vapour ia the upper and cooler air of the flask, were however visible 
in this experiment; and it was necessary to prove that this haze 
was not the cause of the sound. The flask was therefore heated 
by a spirit-flame beyond the temperature of boiling water. The 
closest scrutiny by a condensed beam then revealed no trace of 
cloudiness above the liquid. From the perfectly invisible vapour 
however the musical sound issued, if anything, more forcible than 
before. I placed the flask in cold water until its temperature was 
reduced from about 90^^ to 10° C., fully expecting that the sound would 
vanish at this temperature ; but notwithstanding the tenuity of the 
vapour, the sound extracted from it was not only distinct but loud. 

Three empty flasks fllled with ordinary air were placed in a 
freezing mixture for a quarter of an horn*. On being rapidly trans- 
ferred to the intermittent beam, sounds much louder than those 
obtainable from dry air were produced. 

Warming these flasks in the flame of a spirit-lamp until all 
visible humidity had been removed, and afterwards urging dried air 
through them, on being placed in the intermittent beam the sound 
in each case was found to have fallen almost to silence. 

Sending, by means of a glass tube, a puff of breath from the lungs 
into a dried flask, the power of emitting sound was immediately 
restored. 

When, instead of breathing into a dry flask, the common air of the 
laboratory was urged through it, the sounds became immediately 
intensified. I was by no means prepared for the extraordinary 
delicacy of this new method of testing the adiathermancy and diather^ 
mancy of gases and vapours, and it cannot bo otherwise than satis- 
factory to me to find that particular vapour, whose alleged deportment 
towards radiant heat has been most strenuously denied, affirming thus 
audibly its true character. 



LIBRARY OF SCIENCE 


1 54 

After what has been stated regarding aqueous vapour wo are 
prepared for the fact that an exceedingly small percentage of any 
highly adiathormanous gas dififusod in air suffices to exalt the sounds. 
An accidental observation will illustrate this point. A flask was 
filled with coal gas and held bottom upwards in the intermittent 
beam. The sounds produced were of a forco corresponding to the 
known absorptive energy of coal-gas. The flask was then placed 
upright, with its mouth open upon a table, and permitted to remain 
there for nearly an hour. On being restored to the beam, the sounds 
produced were far louder than those which could be obtained from 
common air.* 

Transferring a small flask or a test tube from a cold place to the 
intermittent beam it is sometimes found to be practically silent for a 
moment, after which the sounds become distinctly audible. This 1 
take to be due to the vaporisation by the calorific beam of the thin 
film of moisture adherent to the glass. 

My previous experiments having satisfied mo of the generality of 
the rule that volatile liquids and their vapours absorb the same rays, 
1 thought it probable that the introduction of a thin layer of its liquid, 
even in the case of a most energetic vapour, would detach the effective 
rays, and thus quench the sounds. The experiment was made 
and the conclusion verified. A layer of water, liquid formic ether, 
sulphuric ether, or acetic ether one-eighth of an inch in thickness 
rendered the transmitted beam powerless to produce any musical 
sound in the vapours. These liquids being transparent to light, the 
efficient rays which they intercepted must have been those of obscure 
heat. 

A layer of bisulphide of carbon about ton times the thickness of 
the transparent layers just referred to, and rendered opaque to light 
by dissolved iodine, was interposed in the path of the intermittent 
beam. It produced hardly any diminution of the sounds of the more 
active vapours — a further proof that it is the invisible heat rays, to 
which the solution of iodine is so eminently transparent, that are here 
effectual. 

Converting one of the small flasks used in the foregoing experi- 
ments into a thermometer bulb, and filling it with various gases in 
succession, it was found that writh those gases which yielded a feeblo 
sound, the displacement of a thermometric column associated with the 
bulb was slow and feeble, while with those gases which yielded loud 
sounds the displacement was prompt and forcible. 

On January 4 I chose for my source of rays a powerful lin^e-light, 
which, when sufficient care is taken to prevent the pitting of the 
cylinder, works with admirable steadiness and without any noise. I 
also changed my mirror for one of shorter focus, which perfiiitted a 


* The method here described is, I doubt not, applicable to the dotection of 
extremely small quantities of fiie^amp in mines. 



LIBRARY OF SCIENCE 1 55 

nearer approach to the source of rays. Tested with this new reflector 
the stronger vapours rose remarkably in sounding power. 

Improved manipulation was, I considered, sure to extract sounds 
from rays of much more moderate intensity than those of the lime- 
light. For this light, therefore, a common candle flame was substi- 
tuted. Keceived and thrown back by the mirror, the radiant heat of 
the candle produced audible tones in all the stronger vapours. 

Abandoning the mirror and bringing the candle close to the 
rotating disk, its direct rays produced audible sounds. 

A red-hot coal, .taken from the fire and held close to the rotating 
disk, produced forcible sounds in a flask at the other side. 

A red-hot poker, placed in the position previously occupied by 
the coal, produced strong sounds. 

The temperature of the iron was then lowered till its heat just 
ceased to be visible. The intermittent invisible rays produced audible 
sounds. 

The temperature was gradually lowered, being accompanied by a 
gradual and continuous diminution of the sound. When it ceased to 
be audible thb 'U/inperature of the poker was found to be below that of 
boiling water. 

As might be expected from the foregoing experiments an incan- 
descent platinum spiral, with or without the mirror, produced musical 
sounds. When tho battery power was reduced from ten cells to three 
the sounds, though enfeebled, were distinct. 

My neglect of aqueous vapour had led me for a time astray in 
1859, but before publishing my results I had discovered tho error. 
On the present occasion this omnipresent substanco had also to be 
reckoned with. Fourteen flasks of various sizes, with their bottoms 
covered with a little sulphuric acid, were closed with ordinary corks 
and permitted to remain in the laboratory from December 23 to 
January 4. Tested on tho latter day with the intermittent beam, 
half of them emitted feeble sounds, but half were silent. Tho 
sounds were undoubtedly due, not to dry air, but to traces of aqueous 
vapour. 

An ordinary bottle containing sulphuric acid for laboratory 
purposes, being connected with the ear and placed in the intermittent 
beam, emitted a faint, but distinct, musical sound. This bottle had 
been opened two or three times during the day, its dryness being 
thus vitiated by the mixture of a small quantity of common air. A 
second similar bottle, in which sulphuric acid had stood undisturbed 
for some days, was placed in the beam : the dry air above the liquid 
proved absolutely silent. 

On the evening of January 7, Professor Dewar handed me four 
flasks treated in tho following manner : — Into one was poured a small 
quantity of strong sulphuric acid ; into another a small quantity of 
Nordhauson sulphuric acid ; in a third wore placed some fragments 
of fused chloride of calcium ; while the fourth contained a small 
quantity of phosphoric anhydride. They were closed with well- 
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fitting indianibber stoppers, and permitted to remain undisturbed 
throughout the night. Tested after twelve hours, each of them 
emitted a feeble sound, the flask last mentioned being the strongest. 
Tested again six hours later, the sound had disappeared from three of 
the flasks, that containing the phosphoric anhydride alone remaining 
musical. 

Breathing into a flask partially flUed with sulphuric acid instantly 
restores the sounding power, which continues for a considerable 
time. The wetting of the interior surface of the flask with the 
sulphuric acid always enfeebles, and sometimes destroys, the sound. 

A bulb less than a cubic inch in volume, and containing a little 
water lowered to the temperature of melting ice, produces very 
distinct sounds. Warming the water in the flame of a spirit-lamp, 
the sound becomes greatly augmented in strength. At the boiling 
temperature the sound emitted by this small bulb * is of extraordinary 
intensity. 

These results are in accord with those obtained by me nearly 
nineteen years ago, both in reference to air and to aqueous vapour. 
They are in utter disaccord with those obtained by other experi- 
menters, who have ascribed a high absorption to air and none 
to aqueous vapour. 

The action of aqueous vapour being thus revealed, the necessity 
of thoroughly drying the flasks when testing other substances 
becomes obvious. The following plan has been found eflectivo : — 
Each flask is first heated in the flame of a spirit-lamp till every 
visible trace of internal moisture has disappeared, and it is afterwards 
raised to a temperature of about 400^ C. While the gtass is still hot 
a glass tube is introduced into it, and air freed from carbonic acid by 
caustic potash, and* from aqueous vapour by sulphuric acid, is urged 
through the flask until it is cool. Connected with the car tube, and 
exposed immediately to tbo intermittent beam, the attention of tho 
ear, if I may use tho term, is converged upon tho flask. When tho 
experiment is carefully made, dry air proves as incompetent to 
produce sound as to absorb radiant heat. 

1 also tried to extract sounds from perfumes, which I had proved 
in 1861 to be absorbers of radiant heat. 1 limit myself hero to the 
vapours of pachouli and cassia, the former exercising a measured 
absorption of 30, and the latter an absorption of 109. Placed in dried 
flasks, and slightly warmed, sounds were obtained from both these 
substances, but the sound of cassia was much louder than that of 
pachouli. 

Many years ago I had proved totracblorido of carbon to bo 
highly diathetmanous. Its sounding power is as foelilo os its 
ab^rbent power. ^ 

In relation to colliery explosions, the deportment of marsh-gas 


* lu such bulbs even bisulphide of carbon vapour may bo so aursed as to 
produce sounds of oonsiderablu strength. 
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was of special interest. Professor Dewar was good enough to famish 
me with a pure sample of this gas. The sounds produced by it, 
when exposed to the intermittent beam, were very powerful. 

Chloride of methyl, a liquid which boils at the ordinary tem- 
perature of the air, was poured into a small flask, and permitted to 
displace the air within it. ^Exposed to the intermittent beam, its 
sound exceeded in power that of marsh-gas. 

The specific gravity of marsh-gas being about half that of air, it 
might be expected that the flask containing it, when left open and 
erect, would soon get rid of its contents. This, however, is not tho 
case. After a considerable interval the film of this gas clinging to 
the interior surface of tho flask was able to produce sounds of great 
intensity. 

A small quantity of liquid bromine being poured into a well- 
dried flask, tho brown vapour rapidly diffused itself in the air above 
the liquid. Placed in the intermittent beam, a somewhat forcible 
sound was produced. This might seem to militate against my former 
experiments, which assigned a very low absorptive power to bromine 
vapour. But 'my former experiments were conducted with obscure 
heat ; whereas in the present instance 1 had to deal with the radia- 
tion from incandescent lime, whose heat is in part luminous. Now 
the colour of the bromine vapour proves it to be an energetic 
absorber of the luminous rays ; and to them, when suddenly con- 
verted into thcrmometric heat in the body of the vapour, I thought 
the sounds might be due. 

Between the flask containing the bromine and the rotating disk I 
therefore placed an empty glass cell : the sounds continued. I then 
filled the cell with transparent bisulphide of carbon : the sounds 
still continued. For the transparent bisulphide I then substituted 
tho same liquid saturated with dissolved iodine. This solution cut 
off the light, while allowing the rays of heat free transmission : the 
sounds were immediately stilled. 

Iodine vaporised by heat in a small flask yielded a forcible sound, 
which was not sensibly affected by tho interposition of transparent 
bisulphide of carbon, but which was completely quelled by the iodine 
solution. It might indeed have been foreseen that the rays trans- 
mitted by the iodine as a liquid would also be transmitt^ by its 
vapour, and thus fail to bo converted into sound.* 

To complete tho argument : — ^While the flask containing the 
bromine vapour was sounding in the intermittent beam, a strong 
solution of alum was interposed between it and the rotating disk. 
There was no sensible abatement of the sounds with either bromine 
or iodine vapour. 

In these experiments the rays from the lim^^-light were converged 
to a point a little beyond the rotating disk. In the next experiment 
they were rendered parallel by the mirror, and afterwards rendered 


* I intentionally use this phraseology. 
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convergent by a lens of ioe. At the focus of the ice-lens the sounds 
were extracted from both bromine and iodine vapour. Sounds wore 
also produced after the beam had been sent through the alum solution 
and tile ice-lens conjointly. 

Several vapours other than those mentioned in this abstract have 
been examined, and sounds obtained from all of them. The vapours 
of all compound liquids will, I doubt not, bo found sonorous in the 
intermittent beam. And, as 1 question whether there is an abso- 
lutely diathermanous substance in nature, I think it probable that 
even the vapours of elementary bodies, including the elementary 
gases, when more strictly examined, will be found capable of pro- 
ducing sounds. 

[J. T.j 
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Indigo^ and its Artificial Production, 

More than cloven years ago the speaker had the pleasure of bringing 
before this audience a discovery in synthetic chemistry of great interest 
and importance, viz. that of the artificial production of alizarin, tho 
colouring substance of madder. To-day it is his privilege to point 
out tho aRa.iijUn id of another equally striking case of synthesis, viz. 
tho artificial formation of indigo. In this last instiinco, as in tho 
former case, tho world is indebted to German science, although 
to different individuals, for these interesting rc suits, tho synthesis of 
indigo having been achieved by Professor Adolf Baeycr, tho worthy 
successor of the illustrious Liebig in the University of Munich. Hero 
then we have another proof of tho fact that tho study of tho most 
intricate problems of organic chemistry, and those which appear to 
many to bo furthest removed from any practical application, are in 
reality capable of yielding icsults having an absolute value measured 
by hundreds of thousands of pounds. 

In proof of this assertion, it is only necessary to mention that the 
value of tho indigo imported into this countiy in tho your 1879 
reached tho enormous sum of close on two millions sterling, whilst 
the total production of tho world is assessed at twice that amount ; so 
that if, as is certainly not impossible, artificial indigo can ho prepared 
at a price which will compete with the native product, a wide field is 
indeed open to its manufacturers. 

Indigo, as is well known, is a colouring matter which has attracted 
attention from very early times. Cloth dyed with indigo has been 
found in tho old Egyptian tombs. The method of preparing and 
using this colour is accurately described by both Pliny and 
Dioscoridcs, and the early inhabitants of these islands were well 
acquainted with indigo, which they obtained from the European indigo 
plant, Jsah’s tinctoria^ the woad plant, or pastel. With this they dyed 
their garments and painted their skins. Aft«r the discovery of the 
passage to India by the Cape of Good Hope, the eastern indigo, 
derived from various species of Indigofera^ gradually displaced wo^, 
as containing more of tho colouring matter. But this was not 
accomplished without great oppobition from tho European growers of 
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wood ; and sevoro enactments were promulgated against the introduc- 
tion of the foreign colouring matter, an edict condonmiiig to death 
persons “ who used that pernicious drug called devil’s food ” being 
issued by Henry the Fourth of France. The chief source of Indian 
indigo is the Iiidigofera tinctoria^ an herbaceous plant raised from 
seed which is sown in either spring or autumn. The plant grows 
with a single stalk to a height of about three feet six inches, and 
about the thickness of a finger. It is usually cut for the first time in 
June or July, and a second or even a third cutting obtained later in 
the year. The value of the crop depends on the number of leaves 
which the plant puts forth, as it is in the leaves that the colouring 
principle is chiefly contained. Both tlic preparation of the colouring 
matter from the plant, and its employment as a dye or as a paint, aro 
carried on at the present day exactly as tliey have bctu for ages past. 
The description of the processes given by Dioscoridos and Pliny 
tally exactly with the crude mode of manufacture carried on in 
Bengal at the present day as folio s : — 

“ The Bengal indigo factories usually contain two rows of vats, 
the bottom of one row being level with the top of the other. Each 
series numbers from fifteen to twenty, and each vat is about 7 yaids 
square and 3 feet deep ; they are built of brickwork lined wdth stono 
or cement. About a hundred bundles of the cut indigo plants aro 
placed in each vat in rows, and pressed down with heavy pitets of 
wood ; this is essential to the success of the operation. Water is 
then run in so as to completely submerge the plants, when a fer- 
mentation quickly ensues, which lasts from nine to fourteen hours, 
according to the temperature of tho atmosphere. From time to tinio 
a small quantity of the li(pior is taken from the bottom of the vat to 
sec how the operation is proceeding. If the liquor has a pak-yullow 
hue the product obtained fiom it will be far richer iu quality, but not 
so abundant as if it had a golden-yellow appearance. Tho liquor is 
then run off into the lower vats, into which men enter and agitato it 
by means of bats or oars, or else mechanically by means of a dash- 
wheel, each vat requiring seventeen or eighteen workpeople, who aro 
kept employed for three or four hours. During tho operation, tho 
yellow liquor assumes a greenish hue, and tho indigo separates in 
flakes. Tho liquor is then allowed to stand for an hour, and the blue 
pulpy indigo is run into a separate vessel, after which it is pumped 
up into a pan and boiled, in order to prevent a second fermentation, 
which would spoil tho product by giving rise to a brown matter. 
Tho whole is then left to stand for twenty hours, when it is again 
boiled for three or four hours, after which it is run on to large filters, 
which are placed over vats of stonework about 7 yards long, B yards 
wide, and 1 yard deep. Tho filters are made by placing bamboo 
cancs across tho vats, covering these with bass mats, and over all 
stretching strong canvas. The greater part of tho indigo remains 
under tho form of a dark bluo or nearly black paste, which is intro- 
duced into small wooden frames having holes at the bottom and 
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lined with strong canvas. A piece of canvas is then placed on the 
top of the frame, a perforated wooden cover, which fits into the box, 
put over it, and the whole submitted to a gradual pressure. When 
as much of the water as possible has been squeezed out the covers 
are removed, and the indigo allowed to dry slowly in large drying 
sheds, from which light is carefully excluded. When dry, it is ready 
for the market. Each vat yields from 30 to 50 lbs. of indigo.” * 

The same process carried out in the times of the Greeks is 
thus described by Dioscoridcs : “ Indigo used in dyeing is a purple 
coloured froth formed at the top of the boiler; tliis is collected and 
dried by the manufacturer ; that possessing a blue tint and being 
brittle is esteemed tlie most.” 

The identity of the blue colouring matter of woad and that of the 
Bengal plant was proved by Hellot, and by Planer and Trommsdorff 
at the end of the last century. These latter chemists ^>howed that 
the blue colour of the woad can be sublimed, and thus obtained in 
thj pure state, a fact Avhich was first mentioned in the case of indigo 
by O’Brien, in 1789, in his treatise on calico 2 )rinting. Indigo thus 
purified vh. tcjia«‘d indigotin. It has been analysed by various 
chemists, who ascertained that its composition may be most simply 
expressed by the formula C^lIr,NO. 

Indigo is a blue powder, insoluble in water, alkalis, alcohol, and 
most common li<|uids. In order to employ it as a dyeing agent it 
must be obtained in a form in which it can be fixed (►r firmly held on 
to the fibres of the cloth. This is always cfiectcd by virtue of a 
property jjossessed by indigo-bluo of combining uith hydrogen to 
form a colourless body, soluble in alkalis, known as indigo-white, or 
reduced indigo, of which the Rim]dest formula is G^IT^^NO. This 
substance rajudly absorbs oxygen from the air and passes into tho 
blue insoluble indigo, which, being held in tho fibre of the cloth, 
imparts to it a permanent blue dye. This reduction to white indigo 
may bo efiected in various ways. Tho old cold vat, or bluc-dip vats 
as they are termed, consist of a mixture of indi"o, slacked lime, and 
green vitriol. The latter salt reduces tho indigo, and the white 
indigo dissolves in the lime water. This process of indigo dyeing is 
both exj^ensivo and troublesome, owdug to loss of indigo and formation 
of gypsum, so that many plans have been proposed to remedy these 
evils. 

Concerning the origin of indigo in the leaves of tho Luligofera, 
various and contradictory views havoheen held. Some have supposed 
that blue indigo exists ready formed in tho plant ; others, that white 
iudigo is present, which on exposure to air is converted into indigo- 
bluo. Schunck has, how'cver, ])roved beyond doubt that tho 
w'oad plant (Isatls fhirforia), tlio ImUgofera t> "toria of India, and the 
Chinese and .la 2 )aucso iudigo plant {Poli/gonitm tijirtnrium) contain 
neither indigo-bluo or white indigo ready formed. It is now known 


* Crnce-Cnhoit, 
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tLat by careful treatiuent the leaves of all these indigo-yielding 
plants can bo shown to contain a colourless principle termed indican, 
and that this easily decomposes, yielding a sugar-liko body and 
indigo-blue. That whito indigo is not present in the leaves is 
proved by the fact that this compound requires an alkali to 
be present in order to bring it into solution, whereas the sap of 
plants is always acid. The decomposition is represented by Schunck 
as follows : — 

C^ella^NO,, + 2H,0 = C«H,NO + 

Indicnn. Indigotiu, Indiglucin. 


So readily does this change from indican to indigo take place, 
that bruising the leaf or exposing it to great cold is sufficient to 
produce a blue stain. Even after mere immersion in cold alcohol or 
ether, when the chlorophyll has been removed, the leavts appear 
blue, and this has been taken to show the prc-cxistcnce of indigo in 
the plant. But these appearances arc deceptive, for Schunck has 
proved that if boiling alcohol or ether bo used, the whole of tho 
colour-producing body as well as tho chlorophyll is removed, the 
leaves retaining only a faint yellow tinge, whilst tlio alcoholic 
extract contains no indigo-blue, but on adding an acid to this liquid 
tho indican is decomposed and indigo-blue is formed. 

Passing now to tho more immediate subject of his discourse, the 
speaker again reminded his hearers that indigo was tho second 
natural colouring matter which has been artificialy prepared ; 
alizarin the colouring matter of the madder-root being fTfc first. As 
a rule, tho simpler problems of synthetic chemistry are those to 
which solutions are the soonest found, and these instances form no 
exception to tho rule. Tho synthetic production of indigo is a more 
difficult matter than the artificial formation of alizarin, and hence 
the speaker did not apologise for leading up to the complex through 
the more simple phenomenon. 

When the ingenious Japanese workman who had never seen a 
watch had one given to him with an order to make a duplicate, he 
took tho only sensible course open to him, and carefully pulled the 
watch to pieces, to see how tho various parts were connected to- 
gether. Having once ascertained this, his task was a comparatively 
easy one, for he then had only to make tho separate parts, and fit 
them together, and ho thus succeeded so well in imitating tlio real 
article that no one could tell tho difference. So it is with tho 
chemist, until he knows bow tho compound is built up, that is, 
until he has asoartained its constitution, any attempt at synthesis is 
more like groping in the dark than liko shaping tho coikrso by 
well-known landmarks into harbour. 

In the case of alizarin it was comparatively easy to reduce it to 
its simplest terms, and to show that the backbone of this colouring 
matter is anthmccnc Ci 4 Hio, a hydro-carbon found in coal-tar. This 
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fact being ascertained, the next step was the further process of 
clothing the hydro-carbon by adding four atoms of oxygen and sub- 
tracting the two atoms of hydrogen present in excess, and this was 
soon successfully accomplished, so that now, as wo know, artificial 
alizarin has excluded the natural colouring matter altogether. 

^ 14^10 Ci4Hg02(0H)2. 

Anthracene. Alizarin. 

What now was the first stop gained in our knowledge concerning 
the constitution of indigo, of which the simplest formula is CgllgNO ? 

Step No. 1 . — This was made so long ago as 1840 , when Fritscho 
proved that aniline, C6H5NH2, can bo obtained from indigo. The 
name for this now well-known substance is indeed derived from the 
Portuguese “anil,** a word used to designate the blue colour from 
indigo. This result of Fritsche’s is of great importance, as showing 
that indigo is built up from the well-known benzene ring Cgllg, the 
skeleton of «^11 the aromatic compounds, and moreover that it contains 
an amido-group. 

Step No. 2 was also made by Fritsche in tho following year, 
when, by boiling indigo with soda and mangancso dioxide, he obtained 
ortlio-arnido-benzoic acid, or, as he then termed it, antbranilic acid. 
Tho following is tho reaction which here occurs : — 

CgHgNO + O -f- 21X20 = C.ngNIIA 4 - CH2O2.* 

Intligo. Ortho-amido-benzoic acid. 

What light docs this fact shed upon tho constitution of indigo ? It 
shows (1) that one of the eight atoms of carbon in indigo can bo 
readily separated from tho rest ; (2) that the carboxyl and tlio amido- 

Ortho-pohition. Meta-position. Para-position. 



group are in neighbouring positions in the benzene ring, viz. 1 and 2. 
For wo have three isomeric acids of tho above composition. 

♦ Bottingcr, Deut. Chem. Ges. 1877, i. 2C9. 
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Step No. 3. — The next advance of importance in this some- 
what complicated matter is the discovery by Erdmann and Laurent 
independently, that indigo on oxidation yields a crystalline body, 
which, however, possesses no colouring power, to which they gave the 
name of isatin. 

CsH,N0-f0 = C3n5N02. 

Indigo. Latin. 


Step No. 4. — The reverse of this action, viz. the reduction 
of isatin to indigo, was accomplished by Bacycr and Emmerling in 
1870 and 1878, by acting with phosplionis pentachlorido 011 isatin, 
and by the reducing action of ammonium sulphide on the chloride 
thus formed. 

Understanding now something of the structure and of the re- 
lationships of the body which wo wish to build up, let us see how 
this edifice has, in fact, been reared. Throe processes have been suc- 
cessfully employed for carrying out this object. But of these three 
only one is of practical importance. A synthetic process may yield 
the wished-for result, but the labour incurred may bo too groat and 
the losses during the campaign may be too severe to render it pos- 
sible to repeat the operation with advantage on a large scale; just 
as it costs, at the usual rate of wages, more than twenty shillings to 
wash a sovereign’s worth of gold out of the Ehine sands, so that this 
employment is only carried on when all other trades fail. 

For the sake of completeness, let us, however, consider all three 
processes, although Nos. 1 and 2 arc at present beyond 4ho pale of 
practical schemes. 

These three processes have certain points in common. (1) They 
all proceed from some compound containing the benzene nucleus. 
(21 They all start from compounds containing a nitrogen atom. (3) 
Tney all commence with an ortho-compound. 

They differ from one another ; inasmuch as process No. 1 starts 
from a compound containing seven atoms of carbon (instead of eight), 
and to this, therefore, one more atom must be added ; process No. 2, on 
the other hand, starts from a body which contains exactly the right 
number (eight) of carbon atoms; whilst No. 3 commences with a 
compound in which nine atoms of carbon are contained, and from 
which, therefore, one atom has to be abstracted before indigo can bo 
reached. 

Process No, 1 (^Eekal6 — Claissen and Shadwell). — So long ago as 
1869 Eekule predicted the constitution of isatin, and gave to it tho 
formula which we now know that it possesses, viz. 



CO. 



LIBRARY OF SCIENCE 


165 

Following up this vieWj (Jlaisson aiicl Sluidwoll, two of Kekulo’s 
pupils, siiccoodecl in preparing isatin, and, therefore, now indigo, from 
ortho-nitro-benzoic acid. 

The following are the steps in the ascent : — 

1. Ortho-nitro-benzoic acid acted on by phosphorus pcntachloride 

yields tlic chloride OcU 4 (NO^)COCl. 

2. This latter heated with silver cyanide yields the nitril 0^11. 

(NO,)CO.CN. 

3. On heating this with caustic potash it yields ortho-nitro-phenyl- 

glyoxylic acid, C^lTj(N02)C0 . CO^II, 

4. This is converted by nascent hydrogen into the amido-com- 

pound CJTi(NirjCO.CO JT. 

5. And this loses water and yields isatin, . CO . CO. 

(Q. E. D.) 

The reasons why tliis process will not work on a large scale are 
patent to all those wlio have had even bowing acquaintance with such 
unpleasac*^ “r* 1 '^ostly bodies as phosj^horus 2 >entachloride or cyanogen. 

Process No. 2. — Bacycr’s (1878) synthesis from ortho-nitro-phenyl 
acetic acid. 

This acid can bo obtained synthetically from toluol, and it is first 
converted into the amido-acid, and which, like several ortho-comj>ound8, 
loses water, and is converted into a body called oxindol, from which 
isatin, and therefore indigo, can be obtained. The precise steps to bo 
followed arc : — 


1. Ortho-amido-phenylacctic yields oxindol : 




CH^CO.H 




CO + n^o. 


2. This on treatment with nitrous acid yields nitrosoxindol : 



CO. 


3. This again with nascent hydrogen gives amidoxiudol : 




CO. 


NH 


HS Vo!3G* 
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4. Which on oxidation gives isatin, 

C«H,^ ^0. (Q. E. D.) 

CII'^ 

This process, the feasibility of which had also been foreseen by 
Eekul^, IS however not available as a practical scheme for various 
reasons. 

Process No. 3. — This may bo called the manufacturing process, and 
was also proi)Osed by Baeyer. It starts from cinnamic acid, a suhbtanco 
contained in gum benzoin, balsam of Peru, and some few other 
aromatic bodies. These sources are, however, far too expensive to 
render this acid thus obtained available for manufacturing purposes. 
But Bertagnini, in 1856, had obtained cinnamic acid artificially from 
oil of bitter almonds, and other processes for the same pui pose liavo 
since been carried out. Of these, that most likfdy to bo widely 
adopted is the following practical modification by Dr. Caro of Mr. 
Perkin’s beautiful synthesis of cinnamic acid : — 

1. CgHsCHg 4- 4C1 = C,H5CHCl2 + 2HC1. 

Toluene. Benz> lene dichlonde. 

2. CeH^CHCla -f 2003 . CO . O . Na = CgH.CHZlCn . CO . OIL + 2Nacl. 

Benzyleue ScKlium acetate Cinnamic acid. 

dichloi ide 

But why did Baeyer select this nine-carbon acid from which to 
prepare indigo ? For this he had several reasons. In the first place, 
it had long been known that all indigo compounds when heated with 
zinc-dust yield indol, CgHyN, a body which stands therefore to indigo 
in the same relation as anthracene to alizarin, and Baeyer and 
Emmerling had so long ago as 1869 prepared this indol from ortho- 
nitro-cinnamic acid thus : — 

C3He(N02)C02H = CgH^N 4- O 3 -f COa- 

Secondly, the ortbo-nitro-cinnamic acid required (for we must 
remember that indigo is an ortho-compound and also certains 
nitrogen) can be readily prepared from cinnamic acid, and this itself 
again can be obtained on a large scale. Thirdly, this acid readily 
parts with one atom of carbon, and thus renders possible its conversion 
into eight-carbon indigo. 

The next ste^ in the process are (3) the formation of ortho- 
nitro-cinnamic acid, (4) the conversion of this into its dibromide, (6) 
the separation from this of the two molecules of hydrobromio 
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acid, giving rise to ortho-nitro-phenyl-propiolic acid, and (6), and 
lastly, the conversion of this lattor into indigo by heating its alkaline 
solution with grape sugar, xanthatc of soda, or other reducing agent. 
These reactions are thus represented : — 

3. CeH^CHIZCHCOOH CeH,(N02)CHr:CH . COOH. 

CiQoamic acid yields Ortho-nitro-cinnamic acid. 

In this process the para-acid is also obtained, and as this is 
useless for the manufacture of indigo, it has to bo removed. This 
is effected by converting the acids into their ethyl ethers, whicli, 
possessing different degrees of solubility, can bo readily separated 
from one another. 

4. This is next converted into the dibromido 

Cen,(N02)CHBr . CHBrCOOH. 

5. And by careful treatment with caustic soda this yields ortho- 
nitro-phenyl-piopiolic acid, thus : — 

C6H^(N02)CHBrCnBrC00H -h 2NaOH = 

C6H,(N02)C2.C00n + 2NaBr + 2H2O. 

6. n[Cen4(NOa)C2 . COOH -f = C.H^NO +00^ + H,0]. 

Ortho-nitro-phcnyl-propiohc acid, ludigotin. 

(Q. E. D.) 

The last of these reactions is in reality not so simple as the equa- 
tion indicates. For only about 40 per cent, of indigo is obtained, 
whereas according to theory 68 per cent, should result. Indeed, 
although, 08 we have seen, indigo can bo prepared by those three 
methods, chemists are as yet in doubt as to its molecular weight, the 
probability being that the molecule of indigo contains twice 16 
atoms of carbon, or has the formula 4(Cyn5NO) or C82H20N4O4. 
Still it must be remembered that according to Sommarugr the vapour 
density of indigo is 9 * 45, a number corresponding to the simpler 
formula 

The artificial production of indigo may oven now be said to be 
within measurable distance of commercial success, for the ortho-nitro- 
phenyl-propiolic acid, the colourless substance wliich on treatment 
with a reducing agent yields indigo-blue, is already in the hands of 
tho Manchester calico printers, and is furnished by the Baden 
Company for alkali and aniline colours at tho price of 65. per lb. for 
a paste containing 25 per cent, of the dry acid. 

With regard to the nature of tho competition between the artificial 
and the natural colouring matters it is necessary to say a few words. 
In tho first place, tho present price at which the manufacturers are 
able to sell their propiolic acid is 50^. per kilo. But 100 parts of 
this can only yield, according to theory, 68 - 58 parts of indigo-blue. 
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80 that the prioo of the artificial (being 73s. per kilo.) is more than 
twice that of the pure natural colour, llenco competition with the 
natural dye-stuff is not to bo thought of uutil the makers can reduce 
the price of dry propiolic acid to 20«. per kilo., and also obtain a 
theoretical yield from their acid. This may, or it may not, bo some 
day accomplished, but at present it will not pay to produce indigo 
from nitro-phenyl-propiolic acid. Nevertheless a large field lies open 
in the immediate future for turning Bacyer’s discovery to practical 
account. It is well known that a great loss of colouring matter 
occurs in all the processes now in use for eitlier dyeing or printing 
with indigo. It has already been stated tliat a largo i^erccntago of 
indigo is lost in the “ cold vats ’* in the sc<limcut. Another portion 
is washed oft* and wasted after the numerous dippings, whilst in order 
to produce a pattern mucli indigo must be destroyed before it lias 
entered into the fibre of the cloth. Moreover, the back of the piece 
is uselessly loaded with colour. In the processes of printing with 
indigo the losses are ns great, or even greater, and, in addition, such 
considerable difficulties are met \vith that only n few firms (Potter, 
(irafton in Manchester, and Schlieper in Elberfeld) have becMi suc- 
cessful in this process. But a still more important fact remains, that 
no printing process exists in which indigo can bo used in combination 
with other colours in the ordinary way, or without requiring some 
special mode of fixing after printing. Hence it is clear that the 
weak points of natural indigo lie in the absence of any good procc'ss 
for utilising the whole of its colouring matter, and in the impossibility, 
or at any rate, great difficulty of employing it in the ordinary madder 
styles of calico printing. Such were the reasons which iifftnccd tlio 
patentees to believe that although the artificial dyo cannot be 
made at a price to compote with natural indigo for use in tlie 
ordinary dye-beck, it can even now bo very largely uw'd for styles 
to which the ordinary dye-stuff is ina])plicablo. 

To begin with, Baoyer employed (Patent 1177) grape sugar as a 
reducing agent. The reduction in this case does not take place in the 
cold, and even on long standing only small traces of indigo are 
formed, but if heated to 70^ or upwards the change takes place. 
Unfortunately this production of indigo-blue is rapidly followed by 
its reduction to indigo-white, and it is somewhat difficult in practice 
to stop the reaction at the right moment. But “necessity is tlio 
mother of invention,” and Dr, Caro of Mannheim, to whom the speaker 
is greatly indebted for raucli of the above information, found tliat 
(wlium xanthate is free from many of the objections iulicrent to tlio 
glucose reduction process, inasinuch as tlic reaction then goes on in 
the cold. Moreovojr, he finds that the red isomoride of indigo-bluo, 
Indirubin, which possesses a splendid red colour, also ocettrring 
in natural indigo, but whose tinctorial pow'er is less than tiat of 
the blue, is produced in less quantity in this case than when 
glucose is employed. On this cloth, alumina and iron mordants 
may bo printed, and this afterwards dyed in alizarin, d:c., or tliis 
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colouring mattor may also be printed on the cloth and the colour 
fixed by moderate steaming without damage to the indigo-blue. This 
process is now in actual use by printers both in England and on the 
Continent, so that, thanks especially to the talent and energy of Dr. 
Caro, Baeyer’s discovery has been practically applied within the short 
space of twelve months of its conception. Operations on a manu- 
facturing scale have been successfully carried on in the Baden Soda 
and Aniline Works at Ludwigshafen for the last two months, and 
the directors see no reason why they should not bo able to supply any 
demand, however great, which may be made for ortho-nitro-phenyl- 
propiolic acid. 

The proper way of looking at this question at present is, therefore, 
to consider ortho-nitro-phenyl-propiolic acid and indigo as two distinct 
products not comparable with each other, inasmuch as the one can be 
put to uses for which the other is unfitted, and there is surely scope 
enough for both. Still, looking at the improvements which will every 
day be made in the manufacturing details, he must be a bold man who 
would assert^ the impossibility of competition with indigo in all its 
applications. ' fc 01 we must remember that we arc only at the be- 
ginning of these researches in the indigo field. Baeyor and other 
workers will not stay their hands, and possibly other colouring 
matters of equal intensity and of equal stability to indigo may be 
obtained from other as yet unknown or unrecognised sources, and 
it is not improbable that these may turn out to be more formidable 
competitors in the race with natural indigo than ortho-nitro-phenyl- 
propiolic acid. 

Looking at this question of the possible competition of artificial 
with the natural indigo from another point of view, it must, on the 
other hand, be borne in mind that the present mode of manufacturing 
indigo from the plant is extremely rude and imperfect, and that by 
an improved and more careful carrying out of the process, great 
saving in colouring matter may be effected, so that it may prove 
possible to produce a purer article at a lower price, and thus to 
counterbalance the production of the artificial material. 

The following are the directions issued by the patcntcos to calico 
printers for using the new colour : - 


rKlNTIXCi ITU AfiTIFK’TAT. INDIGO 


No. I. — On UNCRErARKD Ct.oth. 

Standard. 

Take 4 lb. propiolic acid paste (equal to 1 lb. dry acid), aud 1 lb. 
borax finely powdered ; mix well. The mixture first becomes fluid 
and at last turns stiff. Then add 3 quarts white starch thickening 
(wheat starch), mix well, end strain. 
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Printing Colour, 

Take the above standard and dissolve in it immediately before 
printing lb. xantbate of soda, stir well, and ready for use. 

For lighter shades reduce the above printing colour with the 
following: In 1 gallon white starch paste dissolve 1 lb. xanthate 
of soda. 

Directions for use, — Print and dry as usual. The pieces ought 
not to bo placed in immediate contact with drying cylinders, or 
otherwise be subjected to heat above 100° C. The indigo-blue is best 
developed by allowing the printed goods to remain in a dry atmo- 
sphere and at an ordinary temperature for about 48 hours. Damp air 
ought to be excluded as much as possible until the colour is fully 
developed. Then the pieces may be passed through the ageing 
machine, or steamed at low pressure if such treatment should be 
required for fixing any other colour or mordant printed along with 
the indigo-blue. 

After the blue is ready formed, the pieces are first thoroughly 
washed in the washing machine and then boiled in the clean water, 
or better, in a weak solution of hyposulphite of soda (1 lb. to 10 
gallons), and at a full boil for half an hour in order to volatilise the 
smell which would otherwise adhere to the goods. 

Clean in a soap-bath, at a temperature not above 40° C. ; wash, dry, 
and finish. 

Observations, — Wheat starch gives the best results in the colour, 
then folloN\8 gum tnigacanth. The colour is considcrablyTrt duced by 
using gum bcucgal, dark British gum, or calcined farina as thickening 
materials. 

So far borax has answered best as an alkaline solvent of propiolic 
acid, it may however be replaced in the above standard by acetate 
of soda (from 1 to 1^ lb.) or by 6 oz. pcarlash or soda. Any excess 
of caustic-potash, or soda, destroys propiolic acid. 

The above standard keeps unchanged for any length of time, it is 
likewise not sensibly altered by a small amount of xanthate of soda, 
but when mixed with its full proportion of xanthate, as in the above 
printing colour, it gra^lually loses strength after several hours. 

The xanthate ought therefore to be mixed with the standard 
immediately before printing, and any colour remaining unused may 
then be saved by mixing with the same a large proportion of 
starch paste. 

Propiolic acid may be printed along with aniline black, catechu 
brown and drabs,^ and with alumina and iron mordants for tnadder 
colours. 

After the indigo-blue is fully developed, the mordants are fixed in 
the ordinary manner, dyed with alizarin, paidded with Turkey-red oil, 
steamed, and otherwise treated as usual. 

Indigo-blue, whether natural or artificial, suffers by prolonged 
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fitcaming at high pressure. For this reason, only such steam colours 
cun bo associated with propiolic acid as may be fixed by short Bteaming 
at low prcssui'o. 

No. IT. — On Prepared Cloth (fob Full Shades). 

Dissolve 2 lb. of xanthate of soda in 1 gallon of cold water. Pad 
tlio goods with the above; dry, print with standard, and after printing 
follow the above treatment. The pieces may also bo first printed 
with xanthate and thou covered with standard. Alumina and iron 
mordants for madder colours may bo likewise printed on cloth thus 
prepared, or printed with xanthate of soda. 


The potential importance, from a purely commercial point of view, 
of the manufacture, may be judged of by reference to tlie following 
statistics, showing that the annual value of the world’s growth of 
indigo is no less than four millions sterling. 

Esiimated Yearly Averagf of the Prodlctiov op Indigo in the World, 

TAKEN from Tllb ToTAL CroP FOR A PEKlOD OF Tl N YeARS. 


I ruimUWagtit , PovindR Sterling 


Bt-njril, Tiihoot, Ben.iies, and N -W India 

M idras and Kurpali 

Manilla, Java, Bombay, &c 

Central Ainenca 

China and elsewhere, consumed in the country 


I 4,000.000 

I 


2,200,000 

2,250,000 


z,ouu,ouu 

400.000 

500.000 
000,000 

' Say 500.000 


How far the artificial will drive out the natural colouring matter 
from the market cannot, as has been said, be foreseen. It is interest- 
ing, as the only instance of the kind on record, to cast a glance at 
the history of the production of the first of the artificial vegetable 
colouring matters, alizarin. In this case the increase in the 
quantity produced since its discovery in 1869 has been enormous, 
such indeed that the artificial colour has now entirely superseded the 
natural one, to the almost complete annihilation of the growth of 
madder-root. It appears that whilst for the ten years immediately 
preceding 1869 the average value of the annual imports of madder-root 
was over one million sterling, the imports of the same material during 
last year (1880) amounled only to 2 1,000/. The whole difference being 
made up by the introduction of artificial alizarin. In 1868, no less 
a quantity than 60,000 tons of madder-root vvero sent into the market, 
this containing 600,000 kilos, of pure natural alizarin. But in ten 
years later a quantity of artificial alizarin more than equal to the above 
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amount was sent out from the various chemical factories. So that in 
ten years the artificial production had overtaken the natural growth, 
and the 300,000 or 4.00,000 acres of land which had hitherto been used 
for the growth of madder, can henceforward be bettor employed in 
growing corn or other articles of food. According to returns, for 
which the speaker had to thank Mr. Perkin, tlic estimated growth of 
madder in the world previous to 1860 was 90,000 tons, of the average 
value of 45/. per ttm, representing a total of 4 050,000/. 

Last year (1880) the estinintcd production of the artificial colouring 
matter was 14,000 tons, but this contains only 10 per cent, of pure 
alizarin. Reckouiug 1 ton of the artificial colouring matter as equal 
to 9 tons of madder, the whole artificial product is equivalent to 
126,000 tons of rnoflder. The present value of these 11,000 tons of 
alizarin paste, at 122/. per ton, is 1,568,000/. That of 126,000 tons of 
madder at 45/. is 5,670,000/., or a saving is effected by the use of 
alizarin of considerably over four millions sterling. In other words, 
we get our alizarin dyeing done now for less than one-third of the 
price which we bad to pay to have it done with madder. 

Our knowledge concerning the chemistry of alizarin has also 
proportionately increased since the above date. For whilst at that 
time only one distinct body having the above composition was known, 
w'e are now acquainted with no less than nine out of the ten di- 
oxyanthraquinones whose existence is theoretically possible, according 
as the positions of the two semi-molecules of hydroxyl are changed. 



Of the nine known di-oxyanthraquinonos, only one, viz. alizarin, 
or that in which the hydroxyls are contained in the position 1, 2, is 
actually used as a colouring agent. Then again, three tri-oxyanthra- 
quinoncs, 0 ^ 11502 ( 011 ),, arc known. One of these is contained in 
madder-root, and has long been known as purpurin. The other tri- 
oxyanthroquiuonos can be artificially prepared. One termed authra- 
pnrpurin is an important colouring matter, especially valuaWo to 
Turkey-red dyers, as giving a full or fiery red. The other, (called 
flavo-purpurin, gives an orange dye with alumina mordants. All 
these various colouring matters can now be artificially produced, and 
by mixing these in varying proportions a far greater variety of tints 
can be obtained than was possible with madder alone, and thus the 
power of diversifying the colour at will is placed in the hands of the 
dyer and calico printer. 
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It is quite possible that in an analogous way a variety of shades of 
blue may be ultimately obtained from substituted indigos, and thus 
our catalogue of coal-tar colours may be still further increased. 

To Englishmen it is a somewhat mortifying reflection, that whilst 
the raw materials from which all these coal-tar colours are made are 
produced in our country, the iiiiished and valuable colours are nearly 
all manufactured in Germany. The crude and inexpensive materials 
are, therefore, exported by us abroad, to be converted into colours 
having many hundred times the value, and these expensive colours 
have again to be bought by English dyers and calico printers 
for use in our staple industries. The total annual value of manu- 
factured coal-tar colours amounts to about three and a half 
millions ; and as England herself, though furnishing all the raw 
material, makes only a small fraction of this quantity, but uses a 
largo fraction, it is clear that she loses the profit on the manufacture. 
Tlie causes of this fact, which we must acknowledge, viz. that 
Germany has driven England out of the field in this important branch 
of chemical manufacture, are probably various. In the first place, there 
is no doubt much of the German success is due to the long- 
continued attention which their numerous Universities have paid 
to the cultivation of Organic Chemistry as a pure science. For 
this is carried out with a degree of completeness, and to an extent 
to which we in England arc as yet strangers. Secondly, much again 
is to bo attributed to the far more general recognition amongst 
German than amongst English men of business of the value, from 
a merely mercantile point of view, of high scientific training. In 
proof of this it may bo mentioned, that each of two of the largest 
Gorman colour-works employs no less a number than from twenty- 
five to thirty highly educated scientific chemists, at salaries varying 
from 250Z. to 500/. or 600/. per annum. A third cause which doubtless 
exerts a great influence in this matter is the English law of patents. 
This, in the special case of colouring matters at least, otfors no 
protection to English patentees against foreign infringement, for when 
these colours are once on the goods they cannot be identified. 
Foreign infringers can thus lower the price so that only the patentee, 
if skilful, can compete against them, and no English licencecs of the 
patent can exist. This may to some extent account for the reluctance 
which English capitalists feel in embarking in the manufacture of 
artificial colouring matters. That England possesses both in the 
scientific and in the practical direction ability equal to the occasion 
none can doubt. But bo that as it may, the whole honour of the 
discovery of artificial indigo belongs to Germany and to the dis- 
t'nguished chemist Professor Adolf Baeyer, whilst towards tho 
solution of the difficult problem of its economic manufacture the 
first successful steps have been taken by Dr. Caro and the Baden 
Aniline and Soda Works of Mannheim. 


[II. E. E.J 



Friday, June 10, 1881, 

William Bowman, Esq. LL.D. F.E.S. Vice-President, in the Chair. 
James Dewar, Esq. M.A. F.R.S. 

PLLLFKIAN PBOFKSSOR OF CHFMTSTRY AT THE ROYAL INSTITVTIOK, AND JACK'^OMAN IN THE 
LNIMkKMTY OF CAMBKIUOE. 


Origin and Identity of Spectra, 

On a former occasion I detailed the results of a joint research made 
in concert with my esteemed colleague Professor Liveing, on the 
“ Reversibility of the Rays of Metallic Vapours.*’* The present 
lecture will bo devoted to a record of the results of our work in rela- 
tion to three disputed questions in spectroscopic investigation, viz. 
(1) the Carbon Spectrum, (2) the Magnesium Spectrum, and (3) the 
Identity of the Spectral Lines of different Elements. 

Spectrum of Carbon Compounds, 

The spectrum of the flame of hydrocarbons burning in air has been 
repeatedly described, -first by Swan in 1856, and afterwards by Attfield, 
Watte, Morren, Pliickcr, Huggins, Boisbaudran, Fiazzi Smyth, and 
others. The characteristic part of this spectrum consists of four 
groups of bands of fine lines in the orange, yellow, green, and blue 
respectively, which are*hcreafter referred to as the hydrocarbon bands. 
These four groups, according to Plucker and Hittorf, also constitute 
the spectrum of the discharge of an induction coil in an atmosphere of 
hydrogen between carbon electrodes. They are also conspicuous in 
the electric discharge in olefiant gas at the atmospheric and at reduced 
pressures. 

Plucker and Hittorf notice the entire absence in the flame of 
olefiant gas of the two bright groups of lines (blue and violet as 
described below) characteristic of the flame of cyanogen. 

Several observers have described the spectrum of the flame of 
burning cyanogen. Faraday, as long ago as 1829, called the atten- 
tion of Herschel and Fox Talbot to it, and the latter, writing of his 
observations, t points out as a peculiarity that the violet end of the 
spectrum is divided into three portions with broad dark intervals, and 
that one of the bright portions is ultra-violet. More recently Oibbits, 
Morren, Plticker,and Hittorf have particularly described this spectrum. 
Dibbits t mentions in the cyanogen flame fed with oxygen a selries of 

* * Proceedings of the Royal Institution,' vol. ix. p. 204. 

t ‘ Phil. Mag.* sor. ni. vol. iv. p. 114. J ‘ Pogg. Ann.* 18C4. 
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orange and red bands shaded on the less refrangible side (i. e. in the 
opposite way to the hydrocarbon bands), tho four hydrocarbon bands 
more or less developed, a group of seven blue lines, a group of two or 
three faint blue (indigo) linos, then a group of six violet lines, and, 
lastly, a group of four ultra-violet lines. When the cyanogen is burnt 
in air, the hydrocarbon bands are less developed, and tho three faint 
indigo lines are scarcely visible, but the rest of the spectrum is the 
same, only less brilliant. 

Pliickor and Hittorf * state that in the flame of cyanogen burning 
in air under favourable circumstances, tho orange and yellow groups 
of lines characteristic of burning hydrocarbons are not seen, the 
brightest line of tho green group appears faintly, tho blue group is 
scarcely indicated ; but a group of seven fluted bands in the blue, 
three in the indigo, and seven more in the violet, are well developed, 
especially the last When the flame was fed with oxygen instead of 
air, they state that an ultra-violet group of three fluted bands appeared. 
They notice also certain red bauds with shading in the reverse direc- 
tion, which are better seen when tho flame is fed with air than with 
oxygen. Otti^r observers give similar accounts^ noticing the brilliance 
of the two series of bands in tho blue and violet above mentioned, 
and that they are seen equally well in the electric discharge through 
cyanogen. 

Angstrom and Thal6n, in a memoir “On the Spectra of Mctal- 
loids,’'f contend that the channelled spectra of tho hydrocarbon and 
cyanogen flames are tho spectra respectively of acetylene and cyanogen, 
and not of carbon itself, and that in tho flame of burning cyanogen we 
sometimes see tho spectrum of tho hydrocarbon superposed on that of 
the cyan(»gcn, tho latter being tho brighter ; and that in vacuum 
tubes containing hydrocarbons tho cyanogen spectrum observed is 
duo to traces of nitrogen. 

No chemist who remembers the extreme sensibility of spectro- 
scopic tests, and the difficulty, reaching almost to impossibility, of 
removing tho last trac( s of air and moisture from gases, will feel any 
surprise at tho presence of small quantities of either hvdrogen or 
nitrogen in any of tho gases experimented on. 

Mr. Lockyor { obtained a photograph of the spectrum of the 
electric arc in an atmosphere of chlorine, which shows tho series of 
fluted bands in tho ultra-violet, on tho strength of which he throws 
over the conclusion of Angstrom and Thalen, and draws inferences 
regarding tho existence of carbon vapour above the chromosphere in 
the coronal atmosphere of the sun, which, if true, would be contrary 
to all we know of the properties of carbon. 

The conclusions of Angstrom and Thalen have b^n much 
strengthened by the results of a series of observations carried out by 
Professor Li vein g and myself. 


• ‘Phil. Trans/ 1865. t ‘No?a Acta, Roy. Soo. Upsalo,’ vol. ix. 

X ‘Proc. Roy. Soc,* vol. xxvii. p. 308. 
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Electric Arc in different Gases, 

The experiments wore made with a De Mori tons dynamo-electric 
machine, arranged for high tension, giving an alternating current 
capable of producing an arc between carbon poles in air of fr<jin 8 to 10 
millims. in length. The carbon poles used were 3 milliins. in diameter, 
and had been previously purified by prolonged heating in a current 
of chlorine. This treatment, though it removes a large pai t of the 
metallic impurities present in the commercial carbons, will not remove 
the whole, 80 that lines of calcium, iron, magnesium, and sodium may 
still be recognised in the arc. Resides the traces of metallic impuri- 
ties, a notable quantity of liydrogen always remains unremovable by 
this treatment with chlorine. 

The arc was taken in different gases inside a small glass globe {na 
in PI. I. Fig. 1) about 60 millims. in diameter, blown in the middle of 
a tube. The two ends of the tube {hh) were cb^scfl with dry corks, 
through which were passed (1) the carbons (rr). inserted through two 
pieces of narrow glass tubing; (2) two other glass tubes (dd) through 
which currents of the different gases experime nted on were passed. 

The arc in the globe filled with air gave a tolerably bright con- 
tinuous spectrum, on which the green and blue hydrocarbon bands 
were seen, also the seven bands in the indigo (wavc-lengtlis 4G00 to 
4502, Watts) as in the flame of cyanogen, and mueli more brightly tho 
six bands in tlie violet (wave-kiigths 4220 to 4158, Watts) and fivo 
ultra-violet. Besides these bands, lines of iron, calcium, and sodium 
w’crc visible. The arc in this case was ])rac tieally taken a mixture 
of nitrogen and carbonic oxide, for in a short time the oxygen of tho 
air is converted into carbonic oxide. 

On passing tlirough the globe a current of carbonic acid gas, tho 
bands 14 the indigo, violet, and ultra-violet gradually die d out tiiitil 
they ceased to he visible continuously, and when momentarily seen 
were only just discernible. On the other liand, tho hydrocarbon 
bands, yellow, green, and blue, came out strong, and wore even bril- 
liant. Lints of iron and calcium were still visible. On stopj>ing 
the current of caibonic acid gas and allowing air to difluso into tbo 
globe, the violet and nltra-violet bands soon began to ai»[iear, and 
presently became permanent and bright, the hydrocarlxui bands 
remaining bright. 

When a continuous current of dry hydrogen was passed through 
the globe, the arc, contrary to wdiat would be expc ct('d from the 
behaviour of the spark discharge in hydrogen, would not i)a8s tjirough 
more than a very short space, very much less than in air or carbonic 
acid gas. There was a tolerably briglit continuous spectrum, fvithuo 
trace of bands in the indigo, violet, or ultra-violet, and no metallic 
lines, with the exception of a fairly bright lino in the red, which 
we identified, by comparison with the spark in a vacuum tube, with 
the C line of hydrogen. Tlie F line, identified in like manner, was 
also seen as a faint diffuse band. This lost lino was in general 
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overpowered by the continuous spectrum, but was regularly seen when, 
from some variation in the discharge, the continuous spectrum became 
less brilliant. This was the first occasion on which we had seen the 
hydrogen lines in the arc, though Secchi * states that he had seen 
them by the use of moist carbon poles. The hydrocarbon bands in 
the green and blue were at intervals well seen. Those in the yellow 
and orange were, owing doubtlcbs to the smaller dispersion of the 
light in that region, overpowered by the continuous spectrum. 
Whereas when air and carbonic acid gas were used, the inside 
of the globe was quickly covered with dust from the disintegrated 
poles, scarcely any dust was thrown off when the arc was passed in 
hydrogen. 

In nitrogen a longer arc could be formed, and the indigo, violet, 
and ultra-violet bands of cyanogen all came out at intervals brilliantly. 
The green and blue hydrocarbon bauds were also well developed. 

On filling the glob(i with chlorine, keeping a current of that gas 
passing tlirough it, the arc would not pass through a greater dis- 
tance than about 2 millinis. No metallic lines w^ere visible. At first 
the violet brtudo, well as the green and blue hydrocarbon bands, 
were visible ; but gradually, when the current of chlorine had been 
passing for some minutes, there was nothing to be seen but a con- 
tinuous spectrum with the green and blue hydrocarbon bands. 
Neither of those bands were strong, and at intervals the blue bands 
disappeared altogether. 

The arc would not pass in a current of carbonic oxide through 
any greater space than in chlorine. There was much continuous 
spectrum ; the yellow, green, and blue hydrocarbon bands were well 
seen, some of the indigo bands were just discernible, the violet had 
nearly, and the ultra-violet quite, gone from sight. No trace of the 
carbonic oxide bands, as seen in the spark discharge in that gas, was 
visible. This is the more remarkable since under similar circum- 
stances two of the characteristic lines of hydrogen w ere seen. 

In nitric oxide a very long arc could be obtained. The violet and 
ultra-violet cyanogen bands were well soon, the indigo bands were 
seen, but weaker. The blue and green hydrocarbon bands were also 
seen well when the arc was short, not so w^ell when the arc w^as long. 
Many metallic lines of iron, calcium, and magnesium were seen. 

Tti ammonia only a short arc could be obtained. All the bands 
were faint, but the indigo and violet and ultra-violet cyanogen 
bands were always visible. 

These experiments wdth different gases eliminate to a large extent 
the influence of electric conductivity on tlio character of the spectrum. 

Apart from the relative electric conductivity of gases, it is clear, 
from the experiments, that the length and character of alternating 
electric discharges between carbon polos in different gases do 
not follow the law which we should expect. It will require a pro- 


♦ ‘ Compt, Rend.' 1873. 
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longed series of experiments to arrive at definite conclusions on this 
matter ; but, in the meantime, it is highly probable that one of the 
main factors in producing these remarkable variations in the arc will 
be found to be the relative facility with which the carbon of the poles 
combines with the gaseous medium. 

On a review of the above series of observations, certain points 
stand out plainly. In the first place, the indigo, violet, and ultra- 
violet bands, characteristic of the flame of cyanogen, are conspicuous 
in the arc taken in an atmosphere of nitrogen, air, nitric oxide, or 
ammonia, and they disappear almost, if not quite, when the arc is 
taken in a non-nilrogenous atmosphere of hydrogen, carbonic oxide, 
carbonic acid, or chlorine. These same bands are seen brightly in the 
flames of cyanogen and hydrocyanic acid, but are not seen in those of 
hydrocarbons, carbonic oxide, or carbon disulphide. The conclusion 
seems irresistible that they belong to cyanogen ; and this conclusion 
does not seem to us at all invalidated by the fact that they are seen 
weakly, or by flashes, in the arc or spark taken in gases supposed free 
from nitrogen on account of the extreme difficulty of removing the last 
traces of air. They are never, in such a case, the principal or pro- 
minent part of the spectrum, and in a continuous experiment they are 
seen to fade out in proportion as the nitrogen is removed. This con- 
clusion is strengthened by the recent discovery that cyanogen is always 
generated in the electric arc in atmospheric air. 

The green and blue bands, characteristic of hydrocarbon flames, 
are well seen when the arc is taken in hydrogen ; but, though less 
strong when the arc is taken in nitrogen or in chlorin^ they seem 
to be always present in the arc, whatever the atmosphere. This 
is what we should expect, if they be due, as Angstrom and Thalen 
suppose, to acetylene ] for we have found that the carbon electrodes 
always contain, even when they have been long treated with chlorine 
at a white heat, a notable quantity of hydrogen. 

The hydrocarbon bands are well developed in the blowpipe flame, 
that is, under conditions which appear, at first sight, unfavourable to 
the existence of acetylene. We have, however, satisfied ourselves, by 
the use of Dcville’s aspirator, that acetylene may be withdrawn from 
the interior of such a flame, and from that part of it which shows the 
hydrocarbon bands brightly. 

The question as to whether these bands are due to carbon itself or 
to a compound of carbon with hydrogen, has been somewhat simplified 
by the observations of Watts and others on tho spectrum of carbonic 
oxide. There is, we suppose, no doubt now that that compound has 
its own spectrum quite distinct from the hydrocarbon flame spectrum. 
The mere presence of the latter spectrum feebly develop^ in the 
electric discharge in compounds of carbon supposed to contain no 
hydrogen, appears to us to weigh very little against the series of 
observations which connect this spectrum directly with hydrocarbons. 

In the next place, it appears, from experiments, that the de- 
velopment of the violet bands of cyanogen, or tho less rofhingible 
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hydrocarbon bands, is not a matter of temperatnre only. For the 
appeuance of the hydrogen lines 0 and F in the are taken in hydro- 
gen indicates a temperature far higher than that of any flame. Tet 
the violet bands disappear at that temperature, and the green bands 
are well developed. The violet bands are, nevertheless, seen equally 
well at the different temperatures of the flame, arc, and spark, pro- 
vided cyanogen be the compound under observation in the flame, and 
nitrogen and carbon are present together at the higher temperatures 
of the arc and spark. 

The question of the constitution of comets, since the discovery by 
Huggins’* that the spectra of various comets are identical with the 
hydrocarbon spectrum, naturally leads to some speculation in connec- 
tion with the conclusions to which our experiments point. Provided 
we admit that the materials of the comet contain ready-formed hydro- 
carbons and that chemical or electrical actions may take place, gene- 
rating a high temperature, then the acetylene spectrum might be 
produced at temperatures no higher than that of ordinary flames with- 
out any trace of the cyanogen spectrum, or of metallic lines. Such 
actions might be brought about by the tidal disturbances involving 
collisions and projections of the constituents of the swarms of small 
masses circulating in orbits round the sun, which we have every reason 
to believe constitute the come tic structure. If, on the other hand, 
we assume only the presence of uncombined carbon and hydrogen, we 
know that the acetylene spectrum can only be produced at a very high 
temperature ; and if nitrogen were also present, that we should at 
such a temperature have the cyanogen spectrum as well. Either then 
the first supposition is the true one, not disproving the presence of 
nitrogen ; or else the atmosphere which the comet meets is hydrogen 
only and contains no nitrogen. 


The Flame of Cyanogen, 

The accompanying diagram (PL T. Fig. 2) shows the relative 
position of the bands in that part of the spectrum of the flame of 
cyanogen fed with a jet of oxygen which is more refrangible than the 
Fraunhofer line F. Only those bauds which are less refrangible than 
the solar line L have b^n before described, but photographs show 
smother set of two shaded bands slightly loss refrangible than the 
solar line N accompanied by a very broad diffuse band of less in- 
tensity on the more refrangible side of N ; also a strong shaded 
band, which appears to be absolutely coincident with the remarkable 
shaded band in the solar spectrum, which has been designated by the 
letter P ; and near this, on the less refrangible side, a much fainter 
diffuse band, which also seems to coincide with a part of the soIeu: spec- 
trum sensibly less luminous than the parts on either side of it. Watts 
found that the spectrum cyanogen of the flame did not disappear when the 


* ‘ Proo, Roy. Soo.' vol. xvi. p. 386 ; vol. xxiii. p 154 ; ‘ Plnl. Trans.’ 1868, p. 555. 
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flamo was cooled by diluting tho cyanogen with carbonic acid ; and we 
have found that it retains its characters when tho cyanogen is burnt in 
nitric oxide. Tho flame in the last case must be one of the hottest 
known, from the large amount of heat evolved in the decomposition of 
cyanogen and nitric oxide, namely, 41,000 and 43,300 units respec- 
tively. There is in tlie case of cyanogen, as in the case of so many 
other substances, a diflforcnco in tho relative intensities of the different 
parts of tho spectrum at different temperatures, but uo other change 
of character. 

On the theory that these groups of linos arc the product of an 
exceptional temperature in tho case of the cyanogen flame, it is incon- 
ceivable that they could disappear by combustion in oxygen, instead of 
in ordinary air. Our observations accord w'ith the statement of 
Morren, Plucker, Hittorf, and Thalen, that a cyanogen flamo, fed 
with oxygen, when it is intensely luminous, still yields these peculiar 
groups. We have found these peculiar groupings in tlu' flamo when 
it had a current of oxygen in the middle, and was likouiso sur- 
rounded outside W'ith oxygen. There is notlung remark.iblc in the 
fact that only a continuous spectrum is seen to ju-occed from any 
hydrocarbon or nitrocarbon burning in excels of oxygen, as wc 
know from Frankland’s experiments that carbonic acid and wat(T 
vapour at the high temperatun? of flame uiid(‘r compression give in 
the visible portion a continuous spectrum. In fact, this is what wo 
should anticipate, provided intermediate, and not tlic final, compounds 
are the active sources of the banded spectrum. 

Each of the five sets of bands show’n in tho diagram is attended 
on its more refrangible side by a series of rliytlimical lines ex- 
tending to a considerable distance, not shown in tlio diagram, but 
easily seen in the photographs. 

Ccal gas burning in oxygon gives no bands above that near G 
within the rango of the diagram. Fig. 2 ; but beyond this our photo- 
graphs show a spectrum of a character quite different from that at the 
less refrangible end. The most remarkable part of this spectrum is a 
long series of closely sot strong lines, filling the region between tho 
solar lines R and S, and ending abruptly with two strong lin(‘s a 
little beyond S. These are lines of various in tensities, not regularly 
arrange<l so as to give shaded bands like thf)6e in the less refrangible 
part of the spectrum. Beyond theso linos tliero is another largo 
group of lines, not so strong or so closely sot, but sharp and well 
defined. This peculiar part of the spectrum is really due to the 
vapour of water, and shall be discussed in the sequel. 

M Sj9(irk Discharge in various Gases. 

Mr. LockycFs experiments on tho spectrum of carlxm cotnpounds 
are directly opposed to the results given above, as will bo understood 
by fhe following extract from one of his papers on the subject : * — 


• * prof Roy K'h*.’ x\x p. 330 
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“ I beg permission, therefore, in the meantime, to submit to the 
notice of the Society an experiment with a tube containing CCI 4 ,* 
which, I think, establishes the conclusions arrived at by prior 
investigators. And I may add that it is the more important to 
settle the question, as Messrs. Liveing and Dewar have already based 
upon their conclusions theoretical views of a kind which appear to 
mo calculated to mislead, and which I consider to have long been 
shown to be erroneous.” The following experiments have been made 
to test tho accuracy of our previous work, and to confirm or disprove 
Mr. Lockyer’s views. 

Tho form of sparking tube employed was similar to that used by 
Salet. This was attached by thick rubber tubing to a straight glass 
tube of which one half, about 6 inches long, was filled with phosphoric 
anhydride, and the other half with small fragments of soda-limo to 
prevent any chlorine from tho decomposition of the tetrachloride by 
the spark from reaching tho Sprengel pump. The tetrachloride used 
had been prepared in our own laboratory, and fractionated until it 
had a constant boiling point of 77^^ C. Sufficient of it was introduced 
into the tube to fill nearly one quarter of the bulb at the 

ond, and tho whole interior of the tube thoroughly wetted with it in 
order to facilitate the removal of the last traces of air. 

When the tube containing tho tetrachloritle had been so far ex- 
hausted that little but condensible vapours were pumped out, the 
bulb was heated so as to fill the apparatus with vapour of tetra- 
chloride, the pump still going, and this was repeated as long as any 
incondenaible gas was extracted. Sparks were then passed through 
the tube for a short time, the pump still being kept going. After a 
short time it was unnecessary to keep tho pump going, as all the 
chlorine produced by decomposition of tho tetrachloride was absorbed 
by tho soda-lime. On now examining the spectrum, no trace of any 
of the bands we ascribe to nitrocarbons could be detected, cither by 
the eye or by photography, however the spark might be varied. The 
violet lines of chlorine described by Salet were more or less visible, 
coming out brightly when a condenser was used. Several tubes were 
treated in this way, and many photographs taken, but always with 
tho same result ; no trace appeared of either the seven blue, the six 
violet, tho five ultra-violet, or of tho still more refrangible bands of 
the cyanogen flame. All the photographs showeej three lines in the 
ultra-violet, but these do not at all resemble the nitrocarbon bands, 
as they are not shaded. The least refrangible of the three is nearly 
coincident with tho middle maximum in the ultra-violet set of five 
bands, but the other two do not coincide with any of these maxima. 
When a condenser is used, these three lines come out with much 
greater intensity, and two other triplets appear on the more refran- 
gible side, as well as other lines. In order to compare the positions 
of these lines with the cyanogen bands, we have taken several 


* Carbon tetrachloride. 
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photographs of the spark in tetrachloride simultaneously with a 
cyanogen flame, the latter being thrown in by reflection in the usual 
way. 

Not one of many photographs so taken showed any traces of the 
cyanogen bands. The general character of tho violet part of the 
spectrum of the spark in carbon tetrachloride taken without a con- 
denser (but not the exact position to scale of wave-lengths of all the 
lines) is show'n at B in Fig. 2. At C of the same diagram are 
shown tho brightest of the additional lines which come out with the 
use of a condenser. Photographs of sparks taken in hydrochloric 
acid showed a precisely similar group of ultra-violet lines, so that tho 
three linos which our photographs show amongst the five ultra-violet 
nitrocarbon bands are due to chlorine. 

Having satisfied ourselves by repeated trials that pure carbon 
tetrachloride or trichloride, if free from nitrogen, does not give any of 
the bands wo ascribe to nitrocarbon compounds, our next step was to 
determine whether tho addition of nitrogen would bring them out, and 
if so, what quantity of nitrogen would make them visible. 

For this purpose we introduced a minute fragment of bichromate 
of ammonia, carefully weighed, and wrapped in platinum foil, into the 
neck of one of tho sparking tubes containing carbon tetrachloride, 
connected the tube to the Sprengel pump, and removed the air as before. 
The spark examined in the tube showed no trace of any nitrocarbon 
band. A pinch-cock was now put on tho rubber tube, and tho bichro- 
mate heated by a spirit-lamp to decomposition (whereby it is resolved 
into nitrogen, water, and oxide of chromium). On now passing tho 
spark the six violet bands were well seen. There was no change in the 
condition of the coil or rhootomc, so that the spark was of the same 
character as it had ,becn b('fore when no nitrocarbon bands were 
visible, and tho change in tho spectrum cannot be attributed to any 
change in the spark. Tho weight of tho bichromate was betwocui 
* 0005 and • 0006 grm. ; and the nitrogen this would evolve would fill 
just about of a cubic centimetre at atmospheric pressuro. The tube 
held 30 cub. centime., so that vapour of carbon tetrachloride when 
mixed with part of its volume of nitrogen, gives under the action 
of the electric spark the nitrocarbon bands distinctly. Other similar 
experiments confirmed this result. It is worthy of remark that the 
nitrocarbon bands wore not seen instantaneously on the admission of 
nitrogen into the tube, but were gradually developed, as if it was 
necessary that a certain quantity of nitrocarbon compound should bo 
formed under the influence of the electric discharge and accumulated 
before its spectrum became visible. 

A tube, containing naphthaline, previously well w'ashod with dilute 
sulphuric acid, dried and resubliniod, was attached to tho Sprengel 
pump, and treated as the tubes with tetrachloride had be(^. The 
spark in this tube likewise showed no nitrocarbon bands. After a 
time the tube cracked, and then the nitrocarbon bands made their 
appearance, and on setting the pump going a good deal of gas was 
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pumpod out. When the air had again been pretty completely 
exhausted, the nitrocarbon bands were no longer visible, but gradu- 
ally reappeared again as air leaked through the crack. Another 
tube, containing a mixture of naphthaline and benzol, showed no trace 
of the nitrocarbon bands. 

The observation of the nitrocarbon bands in tlic spectrum of the 
spark in naphthaline was one of the reasons which led Watts at one 
time to ascribe these bands to free carbon. 

In our first experiments with carbonic oxide the gas was made by 
the action of sulphuric acid on dried formiate of sodium. 

At first the six violet cyanogen bands were well seen, and the 
seven blue bands faintly ; but gradually, as the air became more 
completely expelled, the blue bands disappeared entirely, and then 
the violet bauds so far died out that it was only by manipulating the 
coil that they could be made visible, and then only very faintly. A 
bubble of air about j part of the volume of gas in the generating 
flask and tube, was now introduced, when almost immediately the 
bands reappeared brightly. As the stream of gas continued, they 
again gradualJy died away until they were represented only by a 
faint haze. It was subsequently found that each introduction of fresh 
acid into the flask was attended with a marked increase in the bright- 
ness of the nitrocarbon bands, which died away again when the 
current of gas was continued without fresh introduction of acid. On 
testing the acid it uas found to contain, as is frequently the case 
w’ith sulphuric acid, a very small quantity of tlie oxides of nitrogen. 
The difficulty of getting all the air expelh'd from the apparatus 
and reagents led us to adopt another method of making carbonic 
oxide. Carbonic oxide was generated by heating in a tube of hard 
glass in a combustion furnace a mixture of pure dry potassium 
oxalate wdth one quarter of its weight of quicklime, the mixture 
having been previously heated for some time to expel traces of 
ammonia. No trace wliatevcr of the nitrocarbon bands coidd be 
detected in this carbonic oxide, however the spark might be varied. 
Tho pressure of the gas was reduced to 1 inch of mercury, while 
the spectrum was observed from time to time. Still no trace of 
the nitrocarbon bauds could bo detected. More of tho oxalate was 
heated, and tho observations repeated again and again, always w'ith 
the same result. Carbonic oxide, therefore, if quite free from 
nitrogen, does not give, at tho atmospheric or any less pressure, 
the nitrocarbon spectrum. 

On passing the spark bctw^con carbon poles in nitrogen, the nitro- 
carbon bands are plainly seen ; and remain visible through gr^t 
variations in the character of the spark. Photographs taken, with 
and without tho use of tho condenser, showed the violet and ultra- 
violet nitrocarbon bands, including those 1 . ar N and P. If tho 
nitrogen was swept out by a current of carbonic acid gas, on passing 
tho spark the nitrocarbon bands could no longer bo detected, and 
photographs showed no trace of any of the ultra-violet bands. 
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In all the foregoing experiments the bands which Angstrom and 
Thalen ascribe to hydrocarbons were always more or less plainly seen. 
Much more care than has generally been thought necessary is needed 
if the last traces of hydrogen and its compounds are to bo removed 
from spectral tubes. Indeed, water cannot be completely removed 
from apparatus and reagents which do not admit of being heated to 
redness. 

Thus a mixture of carbonate of sotlium and boric anhydride, 
previously to admixture heated red hot, was introduced into one end 
of a piece of combustion tube, near the other end of which wires had 
been scaled, and the open end drawn out; the mixture was then 
heated, and when it was judged that all the air was expelled, the tube 
was sealed off at atmospheric pressure. On passing sparks through it 
carbonic oxide bands and oxygen lines couhl be seen, but no hydrogen, 
hydrocarbon, or nitrocarbon bands could bo detected. It appears, 
therefore, that the application of a red heat is likely to prove a 
more effectual means of getting rid of moisture than the use of any 
desiccating agent. 

Are the groups of shaded bands seen in the more refrangible 
part of the spectrum of a cyanogen flame, of which the three which 
can be detected by the eye are defined by their wave-lengths (4600 
to 4502, 42*20 to 41.08, and 3883 to 3850), duo to the vapour of 
uncombined carbon, or, as we conclude, to a compound of carbon with 
nitrogen ? 

The evidence that carbon can take the state of vapour at the 
temperature of the electric arc is at present very imperfect. Carbon 
shows at such temperatures only incipient fusion, and^hat uncom- 
bined carbon should be vaporised at tho far lower tempeiature 
of tbe flame of cyanogen is so incredible an hypothesis, that it 
ought not to be accepted if the phenomena admit of any other 
probable explanation. On tho other hand, cyanogen or hydro- 
cyanic acid is generated in largo quantity in the electric arc taken 
in nitrogen, and Berthelot has shown that hydrocyanic acid is 
produced by the spark discharge in a mixture of acetylene and 
nitrogen, so that in the cases in which these bands shine out with the 
greatest brillianco, namely, the arc in nitrogen and tho cyanogen 
flame, we know that nitrocarbon compounds are present. Further, we 
have shown that these bands fade and disappear in pro]x>rtion as 
nitrogen is removed from the arc. Angstrom and Thalen had previr 
ously show’n the same thing with regard to the discharge between 
carbon electrodes ; and the conclusion to which they and wo have 
come would probably have commanded universal assent if it liad not 
been for the faoit that these bands had been seen in circuipstanceg 
where nitrogen was supposed to be absent, but where, in reajity, the 
difficulty of completely eliminating nitrogen, and the extreme sensi- 
bility of the spectroscopic test, had been inadequately appreheuded. 

Our ar^ment is an induction from a very long scries of observa- 
tions which lead to one conclusion, and hardly admit of any other 
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explanation. Mr. Lockyor, however, attempts to explain the dis- 
appearance of tlie bauds wlicu nitrogen is absent by the statement, 
“ that the tension of tho current used now brings one set of flutings 
into prominence, and now another.” This is no new observation. It 
is well known that variations in the discharge produce variations in 
the relative intensities of different parts of a spectrum. Certain lines 
of inagncbium, cadmium, zinc, and other metals, very brilliant in the 
spark, are not seen, or are barely soon, at all in the arc. His remark 
might bo applied to the spectra of compounds as well as to those of 
elements. N'ariation in the discharge accounts very well for some of 
the variations of intensity in the bands if they be due toanitrocarbon ; 
it will not, how’over, account for the fact observed by us, that the 
bands, or those of them wliich have the greatest emissive power, and 
ar(i best dt'velopcd by the particular current used, come out on the 
addition of a minute quantity of nitrogen, when there is every reason 
to tlnnk that no variation of tho current occurs. 

iMueh the same may be said with regard to tho changes of the 
speedrum i)rqducod by (*haug(‘.s of temperature. We cannot infer 
from any of tneso changes tliat the si)ectrum is not due to a 
C( unpound. 

Again, Mr. Lockycr attempts to get over the difficulties of his case 
by tho suppositi(ui that ‘‘ tho sets of carbon fliitiiigs represent different 
molecular groupings of carbon, in addition to that or those wdiich give 
us the line spectrum/’ 

Now', until independent evidence can be adduced that carbon can 
exist in the state of uncombined vapour at the temperature of a 
cyanog('n llamc, and tliat different groupings in such vapour exist, 
the hypothesis hero enunciated is a gratuitous one, so long as the 
oxisteneo of nitrcK’arbon compounds in the flame, arc, and spark will 
sufficiently explain tlic facts. 

Tho observation above recorded, that there is in the spcvtrumof 
cyanogen a strong shaded band coincident with the very characteristic 
daik shaded band V of the solar spectrum, strengthens materially tho 
evidence in favour of tho existence of these bands in the solar 
spectrum ; the more so, as the stTies of lines at P has far more of 
the distiuetivo character of the cyanogen spectrum than any other 
series in the ultra-violet part of the solar spectrum. 

Tho liypothosis that if present they are duo to vapour of carbon 
uncombined in tho upper cooler region of the ebromesphere 
seems absurd. One object of our investigations has been to 
determine the permaneneo of compounds of tho non - metallic 
elements, and the sensitiveness of the spoetroscopic test in 
regard to them. It appeared probable that if such compounds ex^st 
in the solar atmosphere tlicir presenoo wedd bo most distinctly 
revealed in the more refrangible part of the spectrum. In the mean- 
time it is Btifliciontly clear that tho presenoo of nitrogen in the solar 
atmospbero may be recognised through cyanogen when free nitrogen 
might eseapo detection. 
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The series of experiments, unless proyed to be wrong, are almost 
ooDolusiye proof that Mr. Lookjer’s views regarding the origin and 
variation of the carbon spectrum have no real experimental basis. 

Spectrum of Magnesium, 

The absorption spectrum of magnesium and of magnesium with 
potassium and sodium, as seen in iron tubes in a hydrogen atmo- 
sphere, described in the former lecture, correspond to no known 
emission lines of magnesium. We could only asoril^ their origin to the 
mixtures employed as distinct from the separate elements, and there- 
fore were led to investigate the conditions under which corresponding 
emission lines could be produced. 

In ‘ Proc. Roy. Soo.* vol. xxvii. p. 494, the emission spectrum of 
sparks from an induction coil taken between magnesium points in an 
atmosphere of hydrogen is described as follows : — 

** A bright line regularly appeared with a wave-length about 

6210 This line does not usually extend across the whole 

interval between the electrodes, and is sometimes seen only at the 
negative electrode. Its presence seems to depend on the tempera- 
ture, as it is not seen continuously when a large Leyden jar is 
employed, until the pressure of the hydrogen, and its resistance, is 
very much reduced. When well-dried nitrogen or carbonic oxide is 
substituted for hydrogen, this line disappears entirely; but if any 
hydrogen or traces of moisture be present, it comes out when the 
pressure is much reduced. In such cases the hydrogen li^es C and F 
are always visible as well. Sometimes several fine lines appear on 
the more refrangible side of this line between it and the h group, 
which give it the appe'arance of being a narrow band shaded on that 
side.” ** In addition to the above-mentioned line, we observed that 
there is also produced a scries of fine lines, commencing close to the 
most refrangible line of the h group, and extending, with gradually 
diminishing intensity, towards the blue .... from forty-five to 
fifty being visible, and placed at nearly equal distances from each 
other.” 

In a paper entitled “ A New Method of Spectrum Observation,” * 
Mr. Lockyer regards this spectrum as illustrativo and confirmatory 
of his views rc^garding the possibility of elemental dissociation at 
different heat-levels. The view taken by Mr. Lockyer may be 
expressed in his own words : — 

“ The fiame spectrum of magnesium perhaps presents us best 
with the beautiful effects produced by the passage from the lower to 
the higher heat-level, and shows the important bearing upon solar 
physics of the results obtained by this new method of work.. ... In 
the flame the two least refrangible of the components of h are seen 
associated with a line less refnmgible so as to form a triplet. A 


• ‘ Proo. Roy. Soc.' vol. xxx. p. 22. 
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series of flutings and a line in the blue are also seen. . . . On 
passing the spark all these but the two components of h are abolished. 
Wo get Iho wide triplet replaced by a narrow one of the same form, 
the two lines of 6 being common to both. 

“ May wo consider the existence of these molecular states as 
forming a true basis for Dalton’s law of multiple proportions ? If so, 
then the metals in different chemical combinations will exist in 
different molecular groupings, and we shall be able, by spectrum 
observations, to determine the particular heat-level to which the 
molecular complexity of the solid metal, induced by chemical affinity, 
corresponds. . . . Examples. — None of the lines of magnesium 
special to the flame spectrum are visible in the spectrum of the 
chloride either when a flame or a spark is employed.” 

In order to ascertain the true cause of the variations in the mag- 
nesium spectrum, the following experiments and observations were 
made, and they demonstrate that the views of Mr. Lockyer on this 
question must also be regarded as resting on faulty experimenting : — 

1, Ohservationa on the Spark between Magnesium Points in Nitrogen 
and Carbonic Oxide at various Pressures. 

The points were pieces of magnesium wire. Round one end of 
each a platinum wire was tightly coiled and fused into the side of a 
glass tube. This tube was attached by fusion at one end to another 
tube filled with phosphoric anhydride, which in turn w^as connected 
with a Sprengel pump. The other end of the tube was connected 
by a thick rubber tube, capable of being closed by a pinchcock, with 
a gasholder containing nitrogen over strong sulphuric acid. The 
tube having been exhausted and filled with nitrogen two or three 
times, it was found that no line at 5210 was visible in the spark. 
The tube was now gradually exhausted, and the spark watched as 
the exhaustion proceeded. No lino at 5210 was seen, althougli the 
exhaustion was carried nearly as far as the pump would carry it ; nor 
was any hydrogen line (G or F) visible, either with or without the 
use of a jar. The communication with the gasholder was now 
opened, and the tube refilled with nitrogen at the atmospheric 
pressure ; a communication was then made with another vessel con- 
taining hydrogen, which was allowed to diffuse into the tube for a 
very short time. On now passing the spark, tho line at 6210 at once 
appeared, although the quantity of hydrogen diffused into the 
nitrogen must have boon very small. Tho experiments with nitrogen 
at r(Sucod pressure were repeated several times, with the same 
result It was found necessary to have the phosphoric anhydride, as 
without it traces of moisture were left or found their way through 
the pump into the tube, and then, when the exhaustion was carried 
for enough, both the line at 6210 and the hydrogen linos, C and F, 
made their appearance. We have never, however, been able to detect 
the line at 6210, in nitrogen, without being able to detect C or F 
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either at the same time or by merely yarying the discharge by moans 
of a Leyden jar. 

Experiments made in the same way with carbonic oxide instead of 
nitrogen led to precisely the same results. 

2, Ohservations on the SparTc heUceen Magnesium Points in Hydrogen 
at reduced Pressures, 

A tube, similar to those employed with nitrogen and carbonic 
oxide, was attached at one end to a Sprengcl pump and mercury 
gauge, and at the other end to an apparatus for generating hydrogen. 
Dry hydrogen was passed through for some time, and the connection 
with the hydrogen apparatus closed. On sparking with the hydrogen 
at the atmospheric pressure, the line at 5210 and its attendant series 
were yisiblc, and wore still visible when a small Leyden jar was used 
with the induction coil, but disappeared almost entirely when a large 
Leyden jar was used. When the pressure of the hydrogen was 
reduced to half an atmosphere, the line at 5210 was seen faintly when 
a large Leyden jar was used, but not the series of fine lines. When 
the pressure was reduced to 180 millims., the series of fine lines began 
to show when the large jar was used. By still further reducing the 
pressure the whole series was permanently visible when the largo jar 
was used ; but when the exhaustion was carried still further they 
grew fainter, and almost disappeared. On gradually readmitting 
hydrogen, the same phenomena recurred in the reverse order. 

3. Ohservations on the Arc with Magnesium and Hydrogen, 

The line at 6210 is not seen in the arc in a lime or carbon 
crucible when magnesium is dropped in without the introduction of 
hydrogen. If, however, a gentle stream of hydrogen or of coal gas 
be led in through a perforation in one of the electrodes, the lino at 
6210 immediately makes its appearance, and, by varying the current 
of gas, it may be made to appear either bright or reversed. However 
small the current of hydrogen be made, the line can be detected as 
long as the current and the supply of magnesium continue, but 
disappears very quickly when the current of gas ceases. 

4. Ohservations on the Flame of Burning Magnesium, 

The line at 5210 may often bo seen in the dame of magnesium 
burning in air, but both it and the series of fine lines which accom- 
pany it come out with greatly increased brilliance if the burning 
magnesium be held in a jet of hydrogen, of coal gas, or of staam. 

The experiments above described, with nitrogen and carbonic 
oxide at reduced pressures, are almost if not quite conclusive against 
the supposition that the line at 5210 is due merely to the lower 
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temperature of the spark in liyrlroscn. From De La Kuo and Muller’s 
observations it would appear that nitrogen at a pressure of 400 
inillims. sliould produce much the Ramc effect on the spark as hydrogen 
at 700 milliiiis. Now the pressures of tho nitrogen and carbonic 
oxido were reduced far below this without any trace of tho line in 
question being visible. Moreover, the magnesium line at 4481, which 
is not seen in tho arc, and may be reasonably ascribed to the higher 
temfK'rature of tlu' spark, may be s<‘eu in the sjmrk at the same time 
as the line at 5210 A\lieu hydrogen is present. Nevertlieless tom- 
))erature does setun to affect the result in some di gree, for when a 
large Leyden jar is used, and the gas is at the atmospheric pressure, 
tho line almost disappears from the spark, to reappear when tho 
pressure is rcMliiced ; but by no variation of temperature have we been 
able to see the line when hydrogen was carefully excluded. 

A lino of the same wavc-lengtli has been seen by Young in tho 
chromosphere once. Its absence from the Fraunliofer lines leads to 
the inference that the temperature of the sun is too high (unless at 
special times and places) for its j>rod notion. If it be not duo to a 
compound 'iC agnosium with hydrogen, at any rate it occurs with 
special facility in the presence of hydrogen, and ought to occur in the 
sun if the temperature were not t(u> high. 

Wo have thus far been careful to ascribe this lino and its attendant 
series to a mixture of n\agnesiiim and hydrogen ratlicr than to a chemical 
conij)ound, because this sufficiently exprcbses tho facts, and wo have not 
yet obtained any independent evidence of tho existence of any chemical 
compound of those elements. Wc have independent evidence that 
mixtures wdiich are not probably chemical compounds favour the 
production of certain vibrations which arc not so strong or are not 
seen at all wlien the elemiuits of those mixtures arc taken separately, 
Tho reniark.ihlc absorpticjns produced by mixtures of magnesium w ith 
potassium and sodium above-mentioned belong to this class. Wo 
have not been able to obtain the emission spectra correspimdiug 
to tlicsii absorptions, but in the course of our observations on the arc 
we have frequently noticed that certain lines of luetals present in 
tlie crucible are only seen, or come out with cs 2 )ccial brilliance, when 
some other metal is introduced. This is the case with some groups of 
calcium lines which are not seen, or arc barely visible, in the arc in a 
lime crucible, and como out with great brilliance on tho introduction of 
a fragment of iron, but are not developed by otlicr metals such as tin. 

Sj)a?-k Spectrum of Matjncfiium in Hydrotjtn unchr increased 
Pressures, 

In order to ascertain if this peculiar spectrum could be produced 
at a high temperature in the presence of hydrogen, which we have 
already shown to bo essential to its production at tho atmospheric 
and at reduced pressures, experiments were made with hydrogen at 
pressures increasing up to twenty atmospheres. 


HS -Vol 3 H 
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On tlio supposition tliat this spectrum originates from the formation 
of some chemical compound, probably formed within certain limits of 
temperature when vapour of magnesium is in presence of liydrogcri, 
the stability of the body ought to depend largely on the pressure of 
the gaseous medium. Like Graham’s hydrogenium, this body might 
be formed in hydrogen of high pressure at a temperature at which it 
would under less pressure bo decomjioscd. In fact, it has been 
shown by Troost that the hydrides of palladium, sodium, and potas- 
sium all follow strictly the laws of chemical dissociation enunciated 
by Deville , and increased pressure, by rendering the compound more 
stable, ought, if the secondary effect of such pressure in causing 
a higher tenij^eraturc in the electric discharge were not overpow'cring, 
to conduce to a more continuous and brilliant spectrum of tlio com- 
pound. Conversely, if such a more continuous and brilliant spectrum 
be found to result, in spite of the higher temperature, from increased 
pressure, it can only be explained by the stability of the substance 
being increased with the pressure. 

Now, what are the facts ? When the spark of an induction coil, 
without a Leyden jar, is passed between magnesium electrodes in 
hydrogen at atmospheric pressure, the flu tings in the green are, as 
before described, always seen, but they are much stronger at th(‘ poles 
and do not always extend quite across the field. As the pressure is 
increased, however, they increase in brilliance and soon extend j^er- 
sistently from polo to polo, and go on increasing in intensity, until, at 
fifteen and twenty atmospluTes, they are fully e(iual in brilliance to 
the h group, notwithstanding the increased brightness these have 
acquired by the higher temperature, due to the increased pressure. 
The second sot of flutiugs, those in tlie yelhnvish green, come out as 
the pressure is increased, and, in fact, at twenty ntmosj^lieres only 
the h group and the flutings are noticeable ; if tlic yellow magnesium 
line be visible at all it is quite lost in tlio brilliance of the yellow 
flutings. The tail of fine lines of these flutings extend at the high 
pressure quite up to the green, and those of the green flutings quite 
up to the blue. On again letting down the pressure the like pheno- 
mena occur in the reverse order, but the brilliance of the flutings 
does not diminish so rapidly as it had increased. If, now, when the 
pressure has again reached that of the atmospliere, a large Leyden jar 
be interposed in the circuit, on passing the spark tho flutings nro 
still seen quite bright, and they continue to bo seen with gmdually 
diminishing intensity until the sparks have lieen continued for a 
considerable time. It appears that tlio compound, which had been 
formed in large quantity by the spark without jar at tho higher 

E ressures, is only gmdually decomposed, and not re-fonnod, by the 
igh temperature of the spark with jar. This experiment, which was 
several times repeated, is conclusive against tho supposition that the 
flutings are merely due to a lower temperature. When tho pressure 
was increased at the same time that the jar was employed, tho flutings 
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did not immodiatoly disappear, but the expansion of the magnesium lines 
and the increase of the continuous spectrum seemed to overpower them. 

When nitrogen was substituted for hydrogen, the strongest lines 
of the green flutings were seen when the spark without jar was first 
passed at atmospheric pressure, probably from hydrogen occluded, 
as it usually is, in the magnesium electrodes. As the pressure was 
increased they sj>eodily disappeared entirely, and were not again seen 
either at high or low pressures. 

With carbonic oxide the same thing occurred as with nitrogen ; 
but in this gas the flutings duo to tho oxide of magnesium (wave- 
length 4930 to 5000) were, for a time, very well seen. 

Fig. 4, Plate III., shows more completely than wo have given it 
before tho general character of tho magnesium-hydrogen spectrum, 
which consists of two sets of flutings closely resembling in character 
tho hydrocarbon flutings, each fluting consisting of a multitude of 
fine lines closely set on tho less refrangible side, and becoming 
wider apart and weaker towards the more refrangible side, but ex- 
tending under favourable circumstances much farther than is shown 
in the The set in the green is tho stronger, and it was 

to this that our former observations were confined. It has two 
flutings, one beginning at about wave-length 5210 and the other 
close to 6, on its more refrangible side. The other set consists of 
three principal flutings, of which tho first begins at about wave- 
length 5G18, the next at about wave-length 5566, and the third 
begins with three strong lines at about the wave-lengths 5513, 5512, 
5511. Both sets are very well seen when a magnesium wire is 
burnt in tho edge of a hydrogen flame, and in the arc in a crucible of 
magnesia when a gentle current of hydrogen is led into it. There is 
also a pair of bands in the blue beginning at about the uave-lengths 
4850, 4802. 

Mr. Lockyer states (lor, rif,) that none of the lines of magnesium, 
special to tho flame spectrum, aie visible in tho spectrum of the 
chloride, cither when flame or spaik is employed. But we find that 
when the spark is taken between platinum j>oints, from a solution of 
tho chloride of magnesium, in a tube such as those used by Delachanal 
and Mcrmct, the lino at wave-length 5210 can frequently be seen in it 
when the tube is filled with air, and that if the tube be filled with 
hydrogen the green flutings of magnesium-hydrogen are persistent 
and strong. 

Kepcatod observations have confirmed our previous statements as 
to tho facility with which tho magnesium-hydrogen spectrum can be 
produced in the arc by the help of a current of the gas. In a 
magnesia crucible, by regulating the cuirent of hydrogen, tho flutings 
can bo easily obtained cither bright or reversed. 

The variations in the spectrum of magnesium, and tho conditions 
under which it is observed, throw additional light on tho question of 
the emissive power for radiation of short wave-lengths of substances 
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at the temperature of flames to which wo alluded in our paper on 
the spectrum of water,* 

Ultra-Violet Spectrum of the Flame of Burning Magnesium. 

When magnesium wire or ribbon is burnt in air, we see the three 
lines of the 6 ^oup, the blue line about wave-length 4570, first 
noticed by us in the spark spectrum ;t and photographs show, 
besides, the well-known triplet in the ultra-violet between the solar 
lines K and L sharply defined, and the line for which Cornu has 
found the wave-length 2850 very muoh expanded and strongly 
reversed. These lines are all common to the flame, arc, and spark 
spectra ; and the last of them (2850) seems to be by far the strongest 
line both in the flame and arc, and is one of the strongest in the 
spark. But, in addition to these lines, the photographs of the flame 
show a very strong, somewhat diffuse, triplet, generally resembling 
the other magnesium triplets in the relative position of its com- 
ponents, close to the solar lino M; and a group of bands below it 
extending beyond the triplet near L. These bands have, for the 
most part, each one sharply defined edge, but fade away on the other 
side ; but the diffuse edges are not all turned towards the same sido 
of the spectrum. The positions of the sharp edges of these bands, 
and of the strong triplet near M, are shown in PI, III., Fig. 1. It 
is remarkable that the triplets near P and S are absent from the 
flame spectrum, and that the strong triplet near M is not represented 
at all either in the arc or spark. The hydrogen-magnesium scries of 
lines, beginning at a wave-length about 5210, are also seen some - 
times, as already described by us,J in the spectrum of tKo flame ; but 
we have never observecl that the appearance of these lines, or of the 
strong line with which they begin, is connecte<l with the non-appear- 
ance of 64 . Indeed, we can almost always see all three lines of tho 
h group in the flame, though as is the least strong of tho three, it 
is likely to be most easily overpowered by tho continuous spectrum 
of the flame. 

Burning magnesium in oxygon instead of atmospheric air does not 
bring out any additional lines ; on tho contrary, tho continuous spec- 
trum from the magnesia overpowers tho lino spectrum, and makes it 
more difficult of observation. 

Magnesia heated in tho oxyhydrogen jot does not appear to givo 
the lines seen in the flamo, excopt that at 2850. 

Spectrum of the Arc. 

The spectrum of magnesium, as seen in tho arc, contain! several 
lines besides those heretofore described. Those linos cbme out 
brightly, generally considerably expanded, when a fragment ,of mag- 
nesium is dropped into the crucible through which the arc is passing. 
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but rapidly contract and gradually bocomo very faint or disappear 
entirely. 

By examining the arc of a Siemens machine, taken in a crucible of 
dense magnesia under the dispersion of the spectrum of the fourth 
order, given by a Rutherford grating of 17,296 lines to the inch, we 
are able to separate the iron and magnesium linos which form the 
very close pair of the solar spectrum. Either of the two lines can 
bo rendered the more prominent of tho pair at will, by introducing 
iron or magnesium into tho crucible. The less refrangible line of 
tho pair is thus seen to be duo to iron, tho more refrangible to mag- 
nesium. Comparison of the solar lino and tljo spark between 
magnesium points confirms this conclusion, that the magnesium lino 
is the more refrangible of tho two. 

In the ultra-violet part of tho spectrum photojrajdis show several 
now linos. First, a triplet of lines above U at wave-lengths about 2042, 
2938*5, 2937. These lines are a little below a pair of lines given 
by the spark for which Cornu has found the wave-lengths 2931*9, 
2926 * 7. The latter pair are not seen at all in photographs of tho aro, 
nor tho former thiee in those of the spark. The strong line, wave- 
length about 2850, is always seen, very frequently reversed. Of the 
quadruple group in tho spark to which Cornu has assigned the wave- 
lengths 2801*3, 2797*1, 2794*5, and 2789*9, tho first and third aro 
strongly developed in tho arc, the other tw*o hardly at all. Next follows 
a set of five nearly equidistant lines, well-dr fined and strong, but 
much less strong than the two previously mentioned, wave-lengths 
about 2782 • 2, 2780 • 7, 2779 * 5, 2778 * 2, 2776 * 9. The middle lino is a 
little stronger than the others. The same lines come out in the spark. 

Beyond those fidlow a series of pairs and triplets; probably they 
are triplets in every case ; but tho third, most refrangible, line of the 
triplets is the weakest, and has not in ewery case been noticed as yet. 
These succeed one another at decreasing intervals with ditninishing 
strength, and aro alternately sharp and diffuse, tho diffuse triplets being 
the strongest. The positions are shown in PI. III., Fig. 2. The 
series resembles in general character the sodium and the potassium 
series described by us in a former communication, and we cannot resist 
the inference that they must bo harmonically related, though they do 
not follow a simple harmonic law. The most refrangible line in the 
figure at wave-length 2605 represents a faint diffuse band which is 
not resolvable into lines ; it belongs, no doubt, to the diffuse members 
of tho series, and, to complete the series, there should be another 
sharp group between it and the line at wave-length 2630. This 
belonging to the weaker members of the series is too weak to bo seen. 

It is worthy of remark that the line at wave-length 5710, described 
by us in a previous communication,* is very f>oarly tho octavo of tho 
strong line at 2850. Moreover, tho measures we have taken of 
tho wavo-longth of this last lino, with a Rutherford grating of 17,296 
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linos to the inch, indicate a wave-length 2852 nearly, which is still 
closer to the half of 5710. 

When metallic magnesium is dropped into a crucible of magnesia 
or lime through which the arc is passing, the electric current seems 
sometimes to bo conducted chiefly or entirely by the vaporised metal, 
so that the lines of other metals almost or wholly disappear ; but the 
lino at wave-length 3278 does not in such cases appear, though the 
other magnesium linos are very strongly developed. The line at 
wave-length 2850 is often, under such circumstances, enormously 
expanded and reversed, those at wave-lengths 2801, 2794, and the 
alternate diffuse triplets, including those near L and near S, much 
expanded and reversed, and the group of five lines (2776-2782) 
sometimes reversed. 

When the arc of a Siemens machine is taken in a magnesia 
crucible, the strong line of the flame spectrum, wave-length 4570, is 
well seen sharply defined ; it comes out strongly and a little expanded 
on dropping in a fragment of magnesium. When a gentle stream of 
hydrogen is led in through a hollow polo, this lino is frequently 
reversed as a sharp black line on a continuous background. From 
comparing the position of this lino with those of the titanium linos 
in its neighbourhood, produced by putting some titanic oxide into the 
crucible, wo have little doubt that it is identical with the solar lino 
4570*9 of Angstrom. 

When the arc is taken in a crucible into which the air has access, 
it may be assumed that the atmosphere about the arc is a mixture of 
nitrogen and carbonic oxide. When a stream of hydrogen is passed, 
either through a perforated polo or by a separate opening, into the 
crucible, the general effect is to shorten the length to which the arc 
can be drawn out, increase the relative intensity of the continuous 
spectrum, and diminish the intensity of the metallic lines. Thus, 
with a very gentle stream of hydrogen in the magnesia crucible, most 
of the metallic lines, except the strongest and those of magnesium, 
disappear. Those lines which remain are sometimes reversed ; those 
at wave-length 2850 and the triplet near L being always so. With a 
stronger stream the lines of magnesium also disappear, the h triplet 
being the last in that neighbourhood to go, and hi and remaining 
after had disap^xiared. 

Chlorine seems to have an opposite effect to hydrogen, generally 
intensifying the metallic lines, at least those of the less volatile 
metals, but it does not sensibly affect the spectrum of magnesium. 
Nitrous oxide produces no marked effect; coal-gas acts much as 
hydrogen. 

Spectrum of the Magnesium Spark, in Gases under High Pressures, 

In the spark of an induction coil taken between magnesium points 
in air we got all the lines seen in the arc except two blue linos at 
wave-lengths 4350 and 4166, three lines above U, and the series of 
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triplets more refrangible than the quintuple group about wave-length 
2780. The blue lino wave-length about 4570 is best seen in the spark 
without a jar when the magnesium electrodes are close together, and 
the rheotome made to work slowly ; and this and the other faint lines 
of the spark at about 4586 and 4808 require for their detection a 
spectroscope in which the loss of light is small. 

On the other hand, some additional lines are seen. Of these, the 
strong lino at wave-length 4481 and the weaker line at 4586 are well 
known. Another faint line in the blue at wave-length 4808 has been 
observed by us in the spark, and two diffuse pairs between IT and the 
triplet near L. Two ultra-violet lines at w^ave-lengtlis 2931* 9, 2926 * 7 
(Cornu) are near, but not identical with, two lines of the arc above 
mentioned; and tw'o more lines at wave-lengths 2797*1, 2789*9 
(Cornu) make a quadruple group with the very strong pair conspicuous 
in tlio arc in this region. The spectrum of the spark ends, so far as 
wo have observed, with the quintuple group (2782-2776) already 
described in the arc. 

When a. Ley den jar is used with the coil, some of the lines are 
reversed. Tliis is notably the case with the triplet near L, the lino at 
wave-length 2850, and those at 2801 and 2794. C’oruu* noticed the 
reversal of the two less refrangible lines of the triplet near L under 
these circumstances. This effect is very much increased by increasing 
the pressure of the gas in which the sjiark is taken. The Cailletet 
pump is well suited for such oxjiorimcnts. The gases used woro 
hydrogen, nitrogen, and carbonic oxide; and the imago of the spark 
was tlirown on to the slit of the spectroscope by a Ions. In hydrogen, 
wlion no Leyden jar was used, the brightness of the yellow and of the 
blue lines of magnesium, except at first that at wave-length 4570, 
diminished as the pressure inert ased; while, on the other hand, the 
h group was decidedly stronger et the higher pressure. The pressure 
was carried up to 20 atmosp]icic>, and tlicii the magnesium lines in 
the blue and below" almost or entirely disappear, leaving ojily the h 
group very bright, and the magnesium-hydrogen bands which are do- 
scribed below; even the hydrogen lines F and C were not visible. 
When a jar was used, the magiu sium lines expanded as the pressure 
was increased ; all three lines of the h group w-oro expanded and re- 
versed at a pressure of 6 atmo^iheres; the yellow line, wave-length 
6528, was also expanded but not reversed ; and the line at 4481 
became a broad, very diffuse baud, but the lino at wave-length 4570 
was but very little expanded. The expansion both of the h group and 
of the yellow line seemed to be greater on the less refrangible than on 
the moro refrangible side of each lino, so that the black line in those 
which were reversed was not in tho middle. When the jar was used, 
the pressure could not bo carried beyond or 12 \ atmospheres, as 
tho resistance became tbtui so groat that the spark would not pass 
across the small distance of about 1 millim. between the electrodes. 


‘CoDipt. Rend.’ 1871. 
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At a pressure of 2^ atniospberes, with a jar, the ultra-violet magiicBium 
triplet near L very well reversed, and the two pairs of lines on its 
less refrangible side (shown in Plato III., Fig. 3) were expanded into 
two diffuse bands. 

In nitrogen and in caibonic oxide the general cffe<*ts of increased 
pressure on the magnesium lines (not the magnesium-hydrogen bauds) 
seemed to be much the same as in hydrogen. Without ajar tlio blue 
and jellow' lines wore enfeebled, and at the higher pressures dis- 
appeared, while the b group \va8 veiy brilliant but not much ex- 
panded. With the jar all the lines wore expanded, and all three linos 
of the b group strongly reversed. Tho bands of the oxide (wave- 
length 4930-5000) w'ero not seen at all in hydrogen or nitrogen ; 
they were seen at first in carbonic oxide, but not after the sparking 
had been continued for some time. 

The disajipearance of certain lines at increased pressure is in har- 
mony with the observations of Cazin,* who noticed that tho banded 
Bpcctiimi of nitrogen, and also the lines, grew fainter as the prossiiro 
was increased, and finally disappeared. When a Le 3 dcn jar is cm- 
j>loyed there is a very great increase in tho amount of matter 
volatilised by the spark from the electrodes, as is shown by the very 
rapid blackening of the sides of the tube with the deposited metal, 
and this increase in the amount of metallic vapour may leasonably bo 
supposed to affect the character of tho discharge, and conduce to tho 
widening of tho lines and tho reversal of some of them. Without a 
jar the amount of matter carried off the (dectrodo also doubtless 
increases with the pressure and consequent resistance, and may bo tho 
cause of the weakening, as Cazin suggests, of the lines of the gas in 
which tho discharge is passed. It is to be noted, moreover, that the 
disappearance of the Hydrogen lines depends, in some degree, on the 
nearness of tho electrodes. The lines C and F which were, as above 
stated, sometimes invisible in tho spark when the electrodes were 
near, becamo visible, under circumstances otherwise similar, when the 
magnesium points had become worn away by the discharge. 

Comparison of the Spectra, 

When we compare tho spectra of magnesium in the flame, arc, and 
spark, we observe that the most persistent line is that at wave-length 
2850, which is also the strongest in the flame and arc, and one of the 
strongest in the spark. Tho intensity of the radiation of magnesium 
at this wave-length is witnessed by the fact that this lino is always 
reversed in tho flame as well as in tho arc when metallic magnesium 
is introduced into it, and in the spark between magnesium electrodes 
when a Leyden jar is used. It is equally remarkable for its ^ower of 
expansion. In tho flame it is a broad band, and equally so in the arc 
when magnesium is freshly introduced, but fines down to a narrow 
line as the metal evaporates. 
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Almost equal in persistence are the series of triplets. Only the 
least refrangible pair of these triplets are seen in the flame, another 
pair are seen in the spark, but the complete series is only seen in the 
arc. We regard the triplets as a series of harmonics, and to account 
for the whole scries being seen only in the arc we must look to some 
other cause than the temperature. This will probably be found in 
the greater mass of the incandescent matter contained in the crucible 
in which the arc was observed. 

The blue line of the flame at wave-length 4570 is well seen in the 
arc, and is easily reversed, but is always a sharp lino, increased in 
brightness but not sensibly expanded by putting magnesium into the 
crucible. In the spark, at atmospheric pressure, it is only scon close 
to the pole or crossing the fleld in occasional flashes; but seems 
to come out more decidedly at rather higher pressures, at least in 
hydrogen. 

The series of bands near L, well developed in the flame, but not 
seen at all in the arc or spark, look very much like the spectrum of a 
compound, but we have not been able to trace them to any particular 
combination. Sparks in air, nitrogen, and hydrogen have alike 
failed to produce them. The very strong, rather diffuse triplet at M, 
with which they end, so closely resembles in general character the 
other magnesium triplets, that it may well bo connected with that 
constitution of the magnesian particle which gives rise to the triple 
sots of vibrations in other cases, but, if so, its presence in the flame 
alone is not easily explained. 

The occurrence of this triplet in the ultra-violet, and of the 
remarkable series of bands associated with it, as well as the extra- 
ordinary intensity of the still more refrangible line at wave-length 
2860, which is strongly reversed in the spectrum of the flame, 
corroborates what the discovery of the ultra-violet spectrum of water 
had revealed, that at the temperature of flame substances while 
giving in the less refrangible part of the spectrum more or less 
continuous radiation, may still give, in the regions of shorter wave- 
length, highly discontinuous spectra, such as have formerly been 
deemed characteristic of the highest temperatures. This subject we 
will not discuss further at present, but simply remark that “ it opens 
up questions as to the emissive power for radiation of short wave- 
lengths of gaseous bodies at the comparatively low temperature of 
flame with regard to which wo are accumulating facts.” 

In the arc and spark, but not in the flame, we have next a very 
striking group of two very strong lines at wave-lengths about 2801 
and 2794, and a quintuple group of strong but sharp lines above 
them. The former are usually reversed in the spark with jar, and 
all are reversed in the arc when much magnesium is present. There 
are also several single linos in the visible part of the spectrum 
common to the arc and spark. All of these may be lines developed 
by the high temperature of the arc and spark. Two blue lines in the 
arc have not been traced in the spark, but their non-appearance may 
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be dne to the Bame cause as that above suggested fur tbe non-appeor- 
anoe of tbe higher triplets, the smallness of the incandescent mass in 
the spark. 

A triplet of lines in the arc near U appear to bo represented in tho 
spark by an equally strong, or stronger, pair near but not identical 
in position. Tho possibility of such a shift, affecting tlieso two 
lines only in the whole spectrum and affecting them unc(pially, must 
in the present state of our knowledge bo very much a matter of 
8i>eculation. Perhaps sufficient attention has not hitherto been 
directed to the probability of vibrations being set up directly by tho 
electric discharge independently of tho secondary action of elevation 
of temperature. Some of the observations above deseribf d, and many 
others well known, indicate a selective action by which an electric 
discharge lights up certain kinds of matter in its path to tho exclu- 
sion of others ; and it is possible that in the case of vibrations which 
are not those most easily assumed by the particles of magnesium, tho 
character of tho impulse may slightly affect tho pcTiod of vibratif)ii. 
The fact that, so far as observations go, the shift in tho case of this 
pair of magnesium lines is definite and constimt, militates against tho 
supposition suggested. On the other hand, tho ghost-like pairs of 
lines observed in the spark below the trijdet near L, suggest the 
idea that some of the particles have their tones flattened by somo 
such cause. 

Tho strong pair at wave-lengths 2801, 2791, are accompanied in 
the spark, but not usually in the arc, by a much feebler, slightly more 
refrangible i)air, but these have not the diffubo ghost-liko character 
of those just alluded to. 

These lines are phenomena of the high ])otontial discharge in 
which particles are tom off the electrodes with great violence and 
may well be thrown into a state of vibration which they will not 
assume by mere elevation of temperature. 

There are two lines in the spark besides the well-known line at 
wave-length 4481 which have not been observed in tho arc, but they 
are feeble and would bo insignificant if it were not the fact that they, 
as well as wavc-longtli 4481, all short lines seen generally only 
about the poles, appear to be present in tho solar spectrum. In the 
sun we seem to have all the lines common to tlie flame, arc, and 
spark, and possibly the strong triplet of tlie flame at M. We havo 
noticed tliat when tho spark is taken in hydrogem, tlic line at wwe- 
length 4570 appears stronger than that at wave-length 4708, while 
the reverse is the case when tho atmosphere is nitrogen. It is 
possible then that the atmosphere may, liesidcs the resistance it offers 
to the discharge, somo degree affect the vibrations of tlic metallic 
particles. 

The substantive result of the investigation is to prove that tho 
chemical atoms of magnesium are capable of taking up a great tariety 
of vibrations, and by mutual action on cacli other, or on particles 
of matter of other kinds, give rise to a great variety of vibrations of 
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the luminiferous ether; and to trace satisfactorily the precise con- 
nection between the occurrence of the various vibrations and the 
circumstances under which they occur, will require an extended 
series of observations. 


On the Spectrum of Water, 

In our observations “ On the Spectrum of the Compounds of Car- 
bon,** we noticed that a remarkable series of lines, extending over the 
region between the lines S and R of the solar spectrum, were 
developed in the flame of coal-gas burning in oxygen.* The arrange- 
ment of lines and bands, of which this spectrum consists, is shown 
in the PI. II., Fig. 3. It begins at the more refrangible end with 
two strong bands, with wave-lengths about 3062, 3068, and extends 
up to about tlie wave-length 3210. It is well developed in the 
flame of hydrogen as well as of hydrocarbons, burning in oxygen, 
and loss strongly in the flames of non-hydrogcnous gases, such as 
carbonic oxide and cyanogen, if burnt in moist oxygen. The same 
spectrum is, given by the electric spark taken, without condenser, 
in moist liydrogoa, oxygen, nitrogen, ami carbonic acid gas, but it 
disappears if the gas and apparatus be thoroughly dried. We are 
led to the conclusion that the spectrum is that of water. The plate, 
Fig. 3, is a general view of this spectrum. It was necessary to pass 
a current of dry gas for fully an hour through the warmed sparking 
apparatus before the moisture was sufficiently absorbed by tho 
dehydrating agents. When this was done, photographs of the spark 
showed cither no trace, or only tho faintest traces, of tho spectrum 
above described. On introducing a drop of water, and letting it 
spread over a plug of asbestos placed in the current of gas, tho 
spectrum above described at once imprinted itself on the photo- 
graphic plate. Tho oflect was the same, whctlier tho gas used was 
hydrogen, oxygen, nitrogen, or carbonic acid. In the cose of 
nitrogen, some of tho channelled bands due to that gas overlap tho 
water spectrum, and partly obscure it, but not so much but that it can 
bo still very distinctly recognised. When a condenser is used, tho 
water spectrum disappears. Tho same spectrum appears in tho 
Do Meritciis arc, but is less fully developed. Tho spectrum we have 
figured does not by any means exhaust tho ultra-violet spectra 
of tho flames wo have observed. In writing of this and other spectra 
which wo have traced to compounds, we abstain from speculating 
upon tho particular molecular condition or stage of combination 
of decomposition, which may give rise to such spectra. The fact of an 
ultra-violet spectrum of water occurring in spectra of flames opens up 


• This wo recorded in a Note of date June 8 1880, see ‘Proc. Roy. Soc.’ 

No. 203, p. 5. Dr. Huggins dibcovered the same spcctruin independently, and 
communicated the same on June 18, 1880. Our prtj>er on this special spectrum 
bears date 17th June. Both papers were icad at the same meeting of the 
Society. 
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questions as to the ouiibsive power for radiation of short wave-lengths 
of gaseous substances at comparatively low temperatures. 

Such facts completely modify the inferences which have been 
diawn as to the continuity of dame spectra and the character of the 
specific absorption of the vapour of water. 

Identity of Spectral Lines^ 

In Kirchhoffs ‘ Researches on the Spectra of the Chemical 
Elements/ p. 10, the following reference is made to the apparent 
identity of wave-length of some spectral lines. 

“ If we compare the spectra of the different metals with each 
other several of the bright lines appear to coincide. This is especially 
noticeable in the case of an iron and magnesium lino at 1655 * 6 (^4), and 
with an iron line and calcium line at 1522*7 (E). It seems to me to 
be a question of great interest to determine, whether these and other 
similar coincidences are real or only apparent ; whether the lines in 
question actually fall one upon the other, or whether they lie very 
close together. I believe that my method of observation does not 
possess the requisite accuracy for the purpose of answering this 
question with any degree of probability, and I think that a large 
number of prisms and an increased intensity of light will prove 
necessary.”* 

The subsequent investigations of Angstrom and Thalen increased 
the number of apparent coincidences amongst the spectral linos of 
different elements. 

The question of the identity of spectral lines exhibited by dif- 
ferent elements is one of great interest, because it is very improbable 
that any single molecule should be capable of taking up all the 
immense variety of vibrations indicated by the complex spectrum of 
iron or that of titanium, and it might therefore bo expected that such 
substances consist of heterogeneous molecules, and that some mole- 
cules of the same kind as occur in these metals should occur in more 
than one of the supposed elements. Further, the supposed identity 
of certain lines in the spectra of more than one element has been 
made by Mr. Lockyer the ground of an argument in support of a 
theory as to the dissociation of chemical elements into still simpler 
constituents, and in reference to this he wrote : t “ The * basic ’ lines 
recorded by Thalen will require special study, with a view to deter- 
mine whether their existence in different spectra can be explained or 
not on the supposition that they represent the vibrations of forms, 
which, at an early stage of the planet’s history, entered into combina- 
tion with other forms, differing in proximate origin, to p|*oduce 
different ‘ elements/ ” 

Young, on examining with a spectroscope of high dispersion the 

* * Researches on tbo Spectra of the Chemical Elements,’ by G. Kirchhoff, 

p. 10. 1862. 

t ‘Proc. Roy. Soc.’ vol xxx p. 31. 
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70 lines given in Angstrom’s map as common to two or more sub- 
stances, has found that 56 are double or treble, 7 more doubtful, and 
only 7 appear definitely single, and he remarks : * “ The complete 
investigation of the matter requires that the bright line spectra of 
the metals in question should confronted with each other and with 
the solar spectrum under enormous dispersive power, in order that 
we may determine which of the components of each double line 
belongs to one and which to the other element.” It is this confronting 
of the bright line spectra of some of the terrestrial elements which 
wo have attempted, and of which we now give an account. For the 
dispersion we have used a reflecting grating similar to that used by 
Young, with 17,296 lines to the inch, and a ruled surface of about 
square inches ; telescope and collimator, each with an aperture of 
14 inch and focal length 18 inches, the lenses being of quartz, cut 
perpendicularly to the axis and unachromatised, giving a very good 
definition with monochromatic light. The chromatic aberration is in 
this case an advantage, for when the telescope is in focus for lines in 
the spectruiu of any given order, the overlapping parts of spectra of 
different orders are out of focus, and their brightness consequently 
more or loss enfeebled. Wo have sometimes used green or bluo 
glasses to enhance this result. The telescope and the collimator 
wore generally fixed at about 45°, the collimator being more nearly 
normal to the grating than the telescope, and the grating moved to 
bring in successive parts of the spectra. For the parts of the spectra 
less refrangible than the Fraunhofer line E the spectrum of the third 
order was employed, for the more refrangible rays that of the fourth 
order. The source of light was the electric arc taken in a crucible 
of magnesia or lime, the imago of the arc being focussed on the slit ; 
and, for the examination of any supposed coincidence, first one metal 
was introduced into the crucible, and the line to be observed placed 
on the pointer of the eye-piece ; the second metal was then intro- 
duced, and then in most cases, as detailed below, two linos were seen 
where only one was visible before, and the pointer indicated which of 
the two belonged to the metal first introduced. In some cases where 
both metals were already in the crucible, we had to reinforce the 
spectrum of one of the metals by the introduction of more of that 
metal, which generally brought out the spectrum of that metal more 
markedly than the other, and enabled us to distinguish the lines with 
a high degree of probability. Thus the crucibles of magnesia, or 
the carbons, always contain sufficient lithium to show the orange line 
and the calcium line heretofore supposed coincident with it (wave- 
length 6101*9), but we observed these lines quite distinct and 
separated by a distance, estimated by the eye in comparison with the 
distance of neighbouring titanium lines, at about one division of 
Angstrom’s scale. On dropping a minute piece of lithium carbonate 
into the crucible, the less refrangible line was seen to expand and 
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for a short time to be reversed, the other line remaining narrow and 
quite unaltered. When tlie lithium had evaporated, and both linos 
were again narrow, a small piece of Iceland spar was dropped into 
the crucible, which immediately caused the expansion, and on one 
occasion the reversal, of the more refrangible line, while now the 
less refrangible lino was unaffected. 

In this way we satisfied ourselves that the calcium line is the 
more refrangible of the two, and is probably represented by the lino 
at wave-length 6101 * 9 in Angstrom’s normal solar spectrum, while 
the lithium line appears to be uuropiesonted. 

In the case of iron, which gives such a multitude of linos, it was 
a priori probable that some lines would be coincident, or nearly so, 
with lines of other elements ; and in fact we find that in five-sixths 
of the supposed coincidences lines of iron are involved. We have, 
therefore, chiefly directed our attention to iron lines. A complete 
account of the separate resolutions will be found in the ‘ Proceedings 
of the Koyal Society,* May, 1881. 

PI. II., Fig. 6, ^ows the appearance of the magnesium group of 
the solar spectrum as observed in spectroscopes used by different 
observers. The lines marked and 6*, which appear to be single 
linos in the maps of Angstrom and Eirchhoff, are resolved into double 
lines by the greater dispersion employed by Thollon, The following 
table shows the relative dispersion and number of lines seen by 
different observers when powerful instruments are directed to the 
same^solar group : — 


Gboup E op Solar Systlm. 


Angstrom . .. 
Eirchhoff ,. 
Pickering 
Young 


Numbf-r of Lines Dipprrslon. 

11 .. hOl) 

12 .. ItOO 

29 .. 2000 

3G .. 2720 


The indium line 4101*2 we found very difficult to separate from 
the hydrogen line (A), as the latter had to be observed from a tube 
with a spark, and it is both faint and diffuse; but several observa- 
tions all led to the conclusion that the indium lino is very slightly 
less refrangible than that of hydrogen. 

We have also directly compared the iron lino at 5316*07 with 
the solar spectrum, and found that the iron line corresponds with 
the less refrangible of the two solar lines at this place, so that the 
chromospheric line is in all probability the other line of the pair. 

There are still a few cases of supposed coincidences which we 
have not examined. The results which wo have recorded strongly 
confirm Young’s observations, and leave, wo think, little doubt that 
the few as yet unresolved coincidences either will yield to a higher 
dispersion, or are merely accidental. It would indeed be strange if, 
amongst fdl the variety of chemical elements and the still greater 
variety of vibrations which some of them are capable of taking up, 
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thcro were no two which could take up vibrations of the same period. 
We certainly should have supposed that substances like iron and 
titanium, with such a large number of lines, must each consist of 
more than one kind of molecule, and that not single lines, but 
several lines of each, would be found repeated in the spectra of some 
other chemical elements. The fact that hardly single coincidences 
can bo established is a strong argument that the materials of iron 
and titanium, even if they be not homogeneous, are still different 
from those of other chemical elements. The supposition that the 
different elements may be resolved into simple constituents, or into a 
single one, has long been a favourite speculation with chemists ; but 
however probable this hypothesis may appear a priori^ it must be 
acknowledged that the facts derived from the most powerful method 
of analytical investigation yet devised give it scant support. 

LJ. D.] 
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Friday, March 17, 1882. 

George Busk, Esq. F.R.S. Treasurer and Vice-President, 
in the Chair. 

Captain W. i)e W. Abney, R.E. F.B.S. 

Spectrum Analysis in the infra red of the Spectrum, 

At the Eoyal Institution it would be almost an impertinence on my 
part were I to attempt to prove the existence of dark rays which lie 
below the red of the spectrum: Professor Tyndall has made you all 
so thoroughly acquainted with these dark rays that I may assume not 
only your, acquaintance with them, but also your interest in them. 
The most accessible means hitherto of exploring this region of the 
spectrum has been by a study of its heating effect, as shown by the 
thermopile ; and more particularly when an integration of the effect 
produced by its component rays is required. Beautifully delicate is 
the thermopile, but it must not be forgotten that it depends for its 
delicacy largely on the area of its face. A little consideration will 
show that if you wish to examine the spectrum by its means, you 
must be prepared for a drawback. 

In the thermopile I have here, the elements composing it are 
arranged in a line, and I can allow any fineness of beam to penetrate 
to its surface by means of this adjustable slit. Unfortunately, how- 
ever, the narrower the slit the smaller is the heating effect on the 
thermopile ; so that, if I wish to measure the heating effect of a very 
narrow beam of radiation which may find its way between the jaws of 
the slit, the heating effect will be so small that it may escape detection. 
In the visible solar spectrum, as you are all aware, there are breaks 
of continuity presenting to the eye the appearance of fine dark lines, 
and showing a diminished radiation. Now, suppose for an instant 
that the part of the spectrum which is visible to us was dark, not 
exciting vision, it is manifest, oven were the energy of this part of 
the spectrum very much greater than it is, that to ascertain the 
existence of these fine lines by means of the thermopile would be 
next to impossible; since the slit would have to be closed to an 
excessive degree of fineness, and when so closed the thermopile 
would be insensible to radiations when such existed. Now this is 
precisely the case with which we have to deal in the spectrum below 
the red. We know of its existence ; but with any source of radia- 
tion, such as the sun for instance, the thermopile would stand but a 
small chance of finding any narrow breaks in its continuity. I need 
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only refer to Lamansky’s thermogram (Fig. 1) of the solar spectrum, 
taken by a linear thermopile, in which, after taking extraordinary 
precautions, he found the existence of three breaks. The thermo- 
pile, with its galvanometer, takes no cognizance of time; given a 
constant and steady flux of radiation striking it during a certain 
time, the electrical current generated, which is shown by the deflection 
of the galvanometer needle, remains constant, and no increase of time 
gives a greater deflection. If we could imagine a thermopile the 
current generated by which, by the efflux of time, would proportionally 
increase the deflection of the needle, then the most limited radiation 




striking the pile could be measured and calculated. At present 
there seems to be no method capable of taking account o^time for 
this purpose except photography, and until recently it seemed chi- 
merical to apply it. I. should like to show you how photography 
takes cognizance of time, and also why it seemed unsuitable for in- 
vestigating the dark rays below the red end of the spectrum. I propose 
to photograph the spectrum on an ordinary photographic compound. 

A piece of paper has been coated with siher bromide, and this 
compound, when placed in the spectrum, is acted upon by the ultra 
violet, the violet and the blue rays. If I cover up of the slit of tho 
lantern and allow an exposure of the paper to the spectrum of tw^o 
seconds, then with the next \ of tho slit an exposure of ten seconds, 
and with the remaining \ give an exposure of thirty seconds, it will be 
seen when I develop the image that tho length of tho spectrum varies, 
and also the darkening of the different portions. Thus the longest 
exposure will show tho greatest intensity of action and the grfjatest 
length of spectrum. [Shown.l This experiment serves a double 
purpose, for whilst it makes it clear that photography takes cognissanco 
of time, yet it seeiflingly shows that it is unfitted for exploring the 
infra-red region, since ordinary photographic compounds are unacted 
upon by them. Could a compound bo found which was sensitive to 
the dark rays, it is manifest that the battle would be won, and that 
investigations full of interest might bo the outcome. 
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Some eight years ago I tried my hand at the matter, and after 
several years of experimenting it was my good fortune to find a com- 
pound which was chemically acted upon by tho dark radiations. 

I will not weary you with the various experiments undertaken ; 
suffice it to say that silver bromide was selected as tho salt to work 
upon. My aim was to prepare an emulsion of bromide of silver in 
collodion (an emulsion being silver bromide in a fine state of 
division suspended in collodion) which should transmit green-blue 
light. Let me show you why. 

The spectrum on tho screen, when unabsorbod by any medium, 
shows every colour. If, however, a piece of green glass is inserted 
before the slit, it is seen at once that the violet is absorbed and also the 
lowest part of tho red. Iiifcrcntially it may be supposed that tho 
infra-red rays are also absorbed. Orange is tho usual colour of the 
silver bromide, and a piece of orange glass placed in front of tho 
slit cuts off from the spectrum all the most refrangible port of 
the spectrum and none of the least refrangible. 

On the principle of conservation of energy, where radiation is 
absorbed, thoi*c work must be done by the absorbing body and show 
itself as heat or chemical action. Heat with the thermopile, for 
instance, and chemical action with tho salt of silver. Thus, with tho 
orange bromide we should expect, as wo have already seen is the 
COSO, that tho violet and blue rays would do work on it whilst tho 
other rays would be passive. 

Tho green state was attained after much labour. The colour of 
this new preparation of silver bromide, and that of the old, are now 
shown by means of the lantern on the screen. 

Now you will see that if tho work done in tho green bromide 
was chemical decomposition, the problem was solved, and that tho 
unknown might be made to write down, in hieroglyphics perhaps, 
but still in a manner capable of being deciphered, its character and 
peculiarities. 

I will endeavour to experimentally illustrate that tho green 
compound is acted upon by the dark rays. It w'ill bo in your recol- 
lection that Professor Graham Bell’s recently introduced photophono 
is in reality an instrument consisting of a perforated disc rotating in 
front of a source of radiation, and by means of a lens the radiant 
energy is focussed on tho surface of a selenium cell, to which a 
telephone is attiujhcd, and that by this means a musical sound is pro- 
duced in tho telephone. 

Professor Boll showed that tho same effect was produced when a 
piece of ebonite was introduced between tho source of light and the 
selenium cell. Dr. Huggins proposed to mo that I should try tho 
permeability of tho ebonite by the dark rays ; and this was done, with 
the result that tho spectrum was taken thro»»gh it, showing an im- 
pression on the green bromide of tho dark rays. An imago of tho 
incandescent carbon points of tho electric light are now formed on a 
piece of ebonite, and behind it is a glass plate covered with tho 
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bromide ; an exposure of twenty seconds will suffice to impress the 
image of the points by their dark rays. [The imago was developed 
and subsequently shown.] It will be seen that the bromide in this 
state is somewhat sluggisli to respond to the vibrations of the dark 
rays. I will now make an experiment to show how different is 
the behaviour of the orange bromide. Beliind tbis rotating disc, 

r-v 

4 ; 

I'lO 2 w 

/ I 





r»'3 naiic Solar Spectrum. 


which is made up^ of altemato transparent and opaque sectors, is 
a plate prepared with the orange bromide, A spark of an inch 
in length from a battery of Leyden jars is sufficient to impress 
a sha^ image of the sectors on the plate though they are rapidly 
rotating, [The exposure was made to the spark whilst the disc 
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was rotating ; and developed before the audience and subsequently 
the photograph was shown.] The exposure is estimated by Cazin 
TTTTjViyTrtr second. It would require twenty such sparks to 
impress the red end of the spectrum on a pure bromide plate. I 
should wish to show you one more remarkable example of the 
action of the dark rays on the bluc-grccn silver bromide. On the 
screen we have a slide showing certain opaque discs and triangles. 
They were produced in the following manner : A card was perforated 
with such discs and triangles, and placed J of an inch above a green 
bromide plate ; above this was suspended a kettle of boiling water, 
and the radiation from the kettle acted on the plate through these 
holes, with the result that, after considerable exposure, an image 
of the holes was developed on the bromide below. This shows 
that this particular form of silver salt responds to waves of very low 
refrangibility. 

The first application of the new compound was to the solar 
spectrum, and on the screen wo have the first impression of the infra- 
red region ever taken. On the diagram (Fig. 2) there arc bands <t> and «/^ 
drawn which do not appear in the photograph ; only on two occasions 
have they been impressed, for reasons which will be explained. To 
show you how far our knowledge of this region is extended, a 
photograph is shown on the screen of the spectrum obtained photo- 
graphically by Draper, which ho obtained by indirect means. 

Fio. 8. 



When a grating of large dispersion replaces the prism, the bands 
arc broken up into lines ; and very beautiful lines they are in some 
cases. From such photographs a wave-length map was made. 
[Shown]. The lino of greatest wave-length impressed in the spec- 
trum is 22,000. Now the visible part of the spectrum extends from 
X 3800 to X 7600 ; thus the invisible spectrum, as photographed, is 
five times longer than the visible spectrum. 

In the visible portion of the solar spectrum, most of the lines 
have been traced to the absorption of dilVercnt metallic or othei 
vapours existent in the solar or our own atmosphero. Phe cause of 
the absorptions in the invisible part of the spectrum are as yet 
untroced, except in one or two instances to 'vhich I shall have to 
allude presently. With the exception of sodium and calcium, no 
metallic vapours seem to have what would bo bright lines, woro 
they visible, in the infra-rt'd portion of the spectrum ; hence wo arc 
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almost bound to supposo that absorption lines in this region are 
really due to compound bodies of some description. Knowing the 
results that Professor Tyndall had got with the hydrocarbon and 
other vapours and liquids in the infra-red region by thermopile 
integration, Colonel Festing and myself determined to see if wo could 
disintegrate Professor Tyndall’s integrations, and locate in the in- 
visible spectrum the absorptions which he had noted. 

We commenced with water, and were delighted to find that water 
gave a very definite spectrum ; and I propose to show the method 
adopted for this research. In front of the slit of the spectroscope, 
which has three prisms, was placed a tube of water or other liquid, in 
some cases of the length of two feet, but more generally of six inches. 
The crater or bright luminous patch from the positive polo of the 
electric light was projected on the slit, the rays having to traverse 
the liquid. The image of the spectrum was then received on a 
sensitive plate. In this manner I propose to take the spectrum of 
a two-foot length of water. [The photograph was taken and subse- 
quently shown on the screen.] Before proceeding further, I will 
again show you the superior sensitiveness of the orange form of 
bromide for blue rays over the green bromide for the daik rays. The 
some length of spark os before shall bo used, and the light from it 
projected by means of a lens through a couple of prisms, and the 
image be focussed on an orange bromide film. The spark pasbcs, 
and the most refrangible end of the spectrum will be found to bo 
impressed. [The photograph \^as developed before the audience, 
and at the close of the lecture thrown upon the screen.] Our next 
attempts were with alcohol and ether, and in these w(ii^ot many 
definite absorptions, some lined and some banded, the bands being 
more or less shaded. On trying ethyl iodide, however, wo came 
upon a spectrum which was composed of fine Hues and bands with 
comparatively sharp edges, diflermg in this respect from tlio two 
former spectra. Tlie difference in composition between alcohol and 
ethyl iodide is shown in the following diagram. 

Alcohol. Ethyl UKlide. 

H 11 


A 



The prime difference is the presence of oxygen in the one and its 
absence in the other. Wo next tried methyl iodide, and got a 
simpler form of spectrum than the ethyl iodide. It now struck us 
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that if wo could diminiBli the hydrogen wc might have something 
again different. 

Methyl iodide. Chloroform. (^arbon tetrachloride. 

H H Cl 


H— C— H 


Cl-C— Cl 


Cl—C-Cl 


We thoreforo tried chloroform, and much to our surprise all the 
broad bands had vanislicd, and we had a linear spectrum. What 
would happen if we removed the last hydrogen? In carbon tetra- 
chloride the last hydrogen is removed, and we got no absorption 
spectrum at all ; indicating that hydrogen had a most important 
bearing on the absorptions. Carbon disulphide and cyanogen gave 
us the same results. On the other hand, when we spectroscoped hydro- 
chloric acid we had a linear spectrum, as we had with ammonia, 
sulphuric acid, and nitric acid. Even water was found not to be free 
from lines, a/9 the boundary of each band was a line. I think, then, 
that this satisfactorily settles the point that hydrogen gives the 
initiative to all the special absorptions wo noticed. The introduction 
of oxygen gives shaded bauds ; but on measurement it was found that 
shades were made up of stop by step absorptions between two or more 
positions of hydrogen lines. Again, what is called the radical of each 
group of compounds was found to have a definite absorption in a 
definite locality ; hence this spectroscopic method became a means of 
qualitatively determining the composition of an unknowm compound 
and its molecular structure, I would point out also how the absorp- 
tions found by the photographic method go hand in hand with those 
found by Professor Tyndall. In the annexed table wo have the value 
of the absorptions found by him, and following the absorption spectra 
of the same bodies through six inches of liquid. The coincidence is 
remarkable and worthy of attention. 

Absotu^tion of Heat by Liquids. 

{Source of Heat a Plutinum Sjnral raistd to Hrujht Ecdna,^ hij a Voltaic Current.) 



Carbon disulphide 
Chloroform .. 
Methyl iodide .. 
Ethyl iodide 
Benzine 
Amyleno 

Ether 

Aloohol 

Water 
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Tour attention should be drawn more ospeoially to the water 
spectrum, in which it will be seen what a large proportion of the 
infi*a red is cut oflF by even a small thickness. Aqueous vapour 
absorbs in the same locality as the water; hence you will see 


Fio 4. 



how it is that I have photographed the bands 0 and i// in the solar 
spectrum but seldom (see Fig. 2). When they were impressed a very 
dry and biting north-oast wind was blowing, which enabled this part 
of the spectrum to find its way through our atmosphere. 

On comparing the solar spectrum with the absorption spectra of 
the above organic bodies, we found that the principal linos of the 
benzine and ethyl series found a place in the solar absorptioqs ; and 
for reasons which I have not time to enter into now, wo wore induced 
to locate these bodies outside our atmosphere. In what part of space 
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they exist is a moot point, but there is no doubt that they are some- 
where present in it. That alcohol is to be found in the sun would 
be perhaps to stretch a point too far ; and it would bo unwise to wish 
to find it there, as it might rouse the animosity of a small section 
of the community against this branch of spectrum analysis. The 
ingredients to make it are there, however, without any doubt. 

In regard to these same class of spectra it is interesting to find 
that there is a marked difierenco in bodies containing the same 
relative proportions of carbon, hydrogen, and oxygen, but molecularly 
difierent. Take for example aldehyde and paraldehyde (Fig. 5). A 

Fig. 5. 


^ ^ ^ 



N^Z Paraldehyde 


molecule of the latter contains three molecules of the former, and we 
see that their spectra differ materially. If such be the case in organic 
compounds, we may surely expect to find the same difference in the 
spectra of tlie elements, if there is a different molecular grouping of 
them at different temperatures. Whether the changea in metallio 
spectra are duo to this cause has still to be proved, though it seems 
probable that it may be so. 

The latest point in our research in this subject which will be of 
interest to chemists appears to bo the possibility of distinguishing 
between para- and ortho-organic compounds. Our experiments so 
far demonstrate that this can be done. If on further research it 
prove to be the case, tliis branch of spectrum analysis would be 
worthy of study by chemists for this reason alone. 

[W. deW. A.] 



Friday, March 31, 1882. 

Gkorge Busk, Esq. F.R.S. Treasurer and Vice-President, in the Chair. 

W. Spottiswoode, Esq. LL.D. Pres. R.S. M.B.L 

Matter and Magneto-Electric Action, 

The late Professor Clerk Maxwell, in his work on ‘Electricity 
and Magnetism * (yol. ii. p. 146), lays down as a principle that “ the 
mechanical force which urges a conductor carrying a current across 
the lines of magnetic force, acts, not on the electric current, but on 
the conductor which carries it. If the conductor be a rotating disk or 
a fluid it will move in obedience to this force, and this motion may 
or may not bo accompanied with a change of position of the electric 
current which it carries. But if the current itself be free to choose 
any path through a fixed solid conductor or a network of wires, then, 
when a constant magnetic force is made to act on the system, the path 
of the current through the conductors is not permanently altered, but 
after certain transient phenomena, called induction currents, have 
subsided, the distribution of the current will bo found to bo the same 
as if no magnetic force were in action. The only force which acts 
on electric currents is electromotive force, which must be dislinguished 
from the mechanical force which is the subject of this chapter.” 

In the invcstigatioil on electric discharges, on which Mr. Moulton 
and myself have been long engaged, we have met with some phenomena 
of which the principle above enunciated aftords the best, if not tho 
only, explanation. But whether they be regarded as facts arising out 
of that investigation, or as experimental illustrations of a principle 
laid down by so great a master of the subject as Professor Clerk 
Maxwell, I have ventured to hope that they may possess sufficient 
interest to form the subject of my present discourse. 

Tho experiments to which I refer, and of which I now propose to 
offer a summary, depend largely upon a special method of exciting an 
induction coil. This method was doscril^d in two papers, published 
in the ‘ Philosophical Magazine* (November 1879) and in the ‘ Pro- 
ceedings of the Royal Society * (vol. xxx. p. 173), respectively ; but as 
its use appears to be still mainly confined to my own laboratory, and 
to that of the Royal Institution, I will, with your permission, devote 
a short time to a description of it, and to an exhibition of its general 
effects. 

The method consists in connecting the primary circuit directly 
with a dynamo- or magneto-machine giving alternate currents. In 
the present case, I use one of M. do Meritens’ excellent machines 
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driven by an Otto gas engine. The speed of the de Meritens’ 
machine, so driven, is about 1100 revolutions per minute. 

In this arrangement the currents in the secondary are of course 
alternately in one direction and in the otlior, and equal in strength ; 
so that the discharge appears to tlic eye, during tho working of the 
machine, to be tho same at both terminals. 

Tho currents in tho primary are also alternately in one direc- 
tion and in tho other, and consequently, at each alternation, their 
value passes tlirougli zero. But they differ from those delivered 
in tho primary coil with a direct current and contact breaker in an 
important particular, namely, that while the latter, at breaking, fall 
suddenly from their full strength to zero, and then recommence with 
equal suddenness, tho former undergo a gradual although very rapid 
change from a maximum in one direction through zero to a maximum 
in tho opposite direction. The ordinary currents 
I with a contact breaker would be represented by a 
— figure of this kind, while those from the alternate 
machine approximately by a curvo of tho following form. The 
^ ^ rise and fall of the latter arc, however, sufficiently 

[ j I j 11 rapid to induce currents of high tension and of 

^ ^ ^ great quantity in tho secondary. 

From those considerations it follows : first, that as the machine 
effects its own variations in the primary current, no contact breaker is 
necessary ; secondly, that as there is no sudden rupture of current, 
there is no tendency in the extra current to produce a spark or any 
of tho inconveniences due to an abrupt opening of the circuit, and 
consequently that the condenser may be dispensed with ; thirdly, that 
the variations in tho primary, and consequently the strength and 
period of delivery of the secondary currents are perfectly regular ; 
fourthly, that the strength of the currents in the secondary is very 
great. With a 26-inch coil by Apps I liavo obtained a spark about 
7 inches in length, of the full tlnckness of an ordinary cedar pencil. 
But for a spark of thickness comparable at least with this, and of 
2 inches in length, an ordinary 4-inch coil is sufficient. 

Owing to tho double currents, tho appearance of the discharge is 
that of a bright point at each terminal, and a tongue of the yellow 
flame, such as is usually seen with thick sparks from a largo coil, 
issuing from each. This torrent of flame (which, owing to tho 
rapidity with wliich the currents are delivered by tho maeliino, is 
apparently continuous) may bo maintained for any length of time. 
Tho sparks resemble those given by ray great coil (exhibited in this 
theatre on Friday, April 13th, 1877, and described in tho ‘ Philo- 
sophical Magazine,* 1877, vol. iii. p. 30) with largo battery-power 
and with a mercury break ; but with that instrument it is doubtful 
whether such thick sparks could bo produced at short intervals, or in 
a rapid shower, as in this case. 

In order to contrast tho effects of tho two methods, I will excite 
the coil, first with a battery, and secondly with tho alternating 
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machine. You will notice that with the battery we can obtain either 
long, bright, and thin sparks, or short and comparatively thick 
discharges; but, unless the latter are made very short, they occur 
only at comparatively long and even perceptible intervals of time. 
On the other hand, A^ith the alternate machine, although the method 
does not lend itself so readily to the production of long and bright 
sparks, we can produce a perfect torrent of discharges more rapid and 
more voluminous than by any other means yet devised. Long bright 
sparks can, however, be obtained by interrupting the flow of the 
currents from the machine, and by allowing only single currents to 
pass at comparatively long intervals. It may bo interesting to know 
that the number of currents given out by the machine, and consequently 
the number of discharges issuing from the coil, is no less than 35,200, 
that is, 17,600 in each direction, per minute. The number may be 
determined by the pitch of the note which always accompanies the 
action of an alternate machine. 

A comparison of the two methods may also bo made when a 
Leyden jar is used as a secondary condenser. This application of the 
jar is well known as a valuable aid in spectroscopic research ; and tlie 
employment of the alternating machine so materially heightens the 
effects that, judging from some experiments made in the presence of 
Mr. Lockyer, and from others of a diflfcreiit character in the presence 
of Professor Dewar, I am led to hope from it a further extension of 
our knowledge in this direction. In order that you may form, at all 
events, some rough idea of the nature of such discharges, I venture, at 
the risk of causing some temporary inconvenience from the noise, to 
project the spectrum of this spark. 

I will detain you with only one more instance of comparison. 
The ordinary eflcct of ^an induction coil in illuminating vacuum tubes 
is well known. The result is usually rather unsteady. Several 
instniments have been devised to obviate this inconvenience, c. g. the 
rapid breakers described in the ‘ Proceedings ’ of the Royal Society 
(vol. xxiii. p. 455, and vol. xxv. p. 547), or the break called the “ Trem- 
bleiir” of Marcel Deprez (see ‘Coraptes Rendus,* 1881, 1. Semestre, 
p. 1283). The use of the alternating machine, however, not only gives 
all the regularity in period, and uniformity in current, aimed at in 
these instruments, but also at the same time suppliers currents of great 
strength. The result is a discharge of great brilliancy and steadiness, 
and it is perhaps not too much to say that the effects are comparable 
to those obtained with Mr. De La Rue’s great chloride of silver 
battery. The configuration of the discharge produced in this way 
can also be controlled by a suitable shunt applied to the secondary 
circuit ; for example, one formed by a column of glycerine ani water, 
or the one consirting of a film of plumbago spread upon a slab of 
slate, constructed by my assistant Mr. P. Ward, and here exhibited. 

One test of the strength of current passing through a tube is 
the amount of surface of negative terminal which it will illuminate 
with a bright glow. 1 here have a tube with terminals in the form 
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of rings, each of which would be regarded of ample size for currents 
obtained in the ordinary way. These are now all connected together 
so as to form one grand negative terminal ; and it will be found that 
with the currents from the alternate machine the whole system is 
readily illuminated at once. 

It should perhaps be here remarked that, while the strength of the 
secondary currents passing through the tube is jmrtly duo directly to 
the strength of the primary currents from the machine, it is probably 
also in part duo to the raj)idity with which the secondary currents 
follow one another. Owing to the latter circumstance the column of 
gas maintains a warmer and more conductive condition than would 
prevail if the interval between the discharge was longer; and in 
consequence of this a larger portion of the discharges can make its 
way through than would otherwise be the case. 

Before leaving the instrumental part of iiiy discourse, I desire to 
bring under your notice a modification of the machine wliicli we have 
thus far used for producing, by the intervention of the induction coil, 
currents of high tension. This consists of a machine of the same 
general coiistPimtion ns the other, but having the armatures wound 
with a much greater number of convolutions of much finer uirc. The 
result is a machine giving off currents of sufficient tension to effect, 
by direct action, discharges through vacuum tubes, and even in air. 
The currents are of course alternate ; but by diminishing the size of 
one of the terminals to a mere point, as well as by other methods 
described elsewhere, it is possible to shut off the currents in one 
direction, leaving only those in the other direction to discharge them- 
selves through the tube, I hope on some future occasion to give a 
fuller account of this remarkable maehine, which has only quite 
recently been com])leted. 

Eeturning to the discharge in air, it will be noticed that when the 
terminals are set horizontally the torrent of thick <lischargts assumes 
the appearance of a flame, which takes the form of an inverted V. 
This is the result of coincetion currents due to the heat given off by 
the discharges tlu'msclvcs. The dischargi s are by their nature as it 
were fixed at each end, but within the limits of discharging distance 
free to move about and to extend tlieiuselves in space, especially in 
their central pait. Further, it may bo observed tliat the length of 
the spark which can be maintained is greater tluin tliat ovir which it 
will leap in tlie first instance. The explanation of this is to be sought 
in the fact that when the sparks follow very rapidly in succession, the 
whole path of each discharge remains so far in a heated state as to 
assist the passage of the next ; and, furtlicr, tliat in the middle part 
of the discharge or ajiex of the where the heat is greatest, the heat 
prevails to such an extent as to render a portion of the path highly 
conductive. This may be illustrated by hold iig a gas jet near the 
path of the discharge. The flames wdll then leap to the two ends of 
the jet, which will perform the part of a conductor; and the real 
length of the discharge will be that traversed from terminal to 
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terminal, minuB the length of the interyening flame. The per- 
manently heated part of the flame will act in the same manner in 
extending the effective length of the discharge. 

The discharge which we are now examining is not homogeneous 
throughout, but consists of more than one layer. The flame, which, 
from the fact of its forming the outer sheath of the discharge, is the 
most prominent feature, consists mainly of heated but solid particles 
emanating from the terminals. That this is the case may be inferred 
in a general way from the colours which the flame assumes when 
different substances are placed upon the terminals; for example, 
lithium or sodium. The spectrum of the flame appears to be always 
continuous. A convenient substance to affix to the terminals is boron 
glass, on account of the brilliancy to which it gives rise in the dis- 
charge ; this will enable us to project the phenomenon. Within this 
sheath of flame, the discharge consists of the pink light characteristic 
of air, and in the centre of all the true bright spark. There is reason 
to think that, under certain circumstances, there are more layers to 
be seen ; but the above division is sufficient for our present purpose. 
In this somewhat complicated structure, the pink light corresponds 
to the arc, and the flame to a similar accompaniment which is seen 
playing about the upper carbon in electric lamps when a current of 
great strength is used. 

From this account of the methods here employed I now turn to 
the main question. In the investigation, to which allusion was made 
at the beginning of this lecture, it occurred to us that an examination 
of the effects of a magnetic field on discharges of this character 
through air or other gases at atmospheric pressure, and^ comparison 
with those obtained at lower pressures, might throw some fresh 
light on the nature of electrical discharges in general. It is these 
phenomena to which ! now propose to ask your attention. 

When the discharge, originally in the form of a vertical spindle, 
is submitted to the action of a magnet whoso poles are horizontal, it 
spreads out into two nearly semicircular disks, one due to the dis- 
charges in one direction, and the other to those in the opposite 
direction. As the magnetism is strengthened, the flame retreats 
towards the edge of the disks, and ultimately disappears. The disk 
then consists mainly of the pink discharge ; but with a still stronger 
magnetic field, it is traversed at intervals by bright semicircular 
sparks at various distances from the centre. In every case, bright 
sparks pass directly between the terminals at the opening of each 
separate discharge. 

In order further to disentangle the parts of this phenomenon, 
recourse was had in the original experiments to a revolving miitor. The 
light in the disks is insufficient to allow of a projection of tl^e effects, 
but the accompanying diagrams represent the appearances seen in the 
mirror. Fig. 1 shows the arrangement of the terminals and the 
magnetic poles ; Fig. 2 the appearance of the discharges in a plane 
at right angles to that of Fig. 1 ; Fig. 3 the appearance of three 
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Buccessive disobarges (in tbe same direction) with a weak magnetic field 
and a slowly reyolving mirror; Fig. 4 the same, with a slightly more 
rapid rate of revolution ; Fig. 5 a single discharge, with a stronger 
field and greater speed of mirror; Fig. 6 a single discharge in a 
strong field, with a still greater speed of mirror. It should be men- 
tioned that in all these figures the images to the left are to be 
regarded as anterior to those on the right, and that they represent 
various phases of the left-hand discharge in Fig. 2. 

If, however, we observe the right-hand discharges with a mirror 
revolving in the same direction as before, it is clear that the actual 
curvature of the discharge will be turn^ in the opposite direction 
(with reference to the motion of the mirror) to that in the case of tho 
left-hand discharges. The consequence will be that tho appearance 
in the mirror, when the rate of revolution is not too great, will be 
something like Fig. 7, instead of Fig. 6. As the speed of tho mirror 
is increa^, the convexity will diminish, and ultimately be replaced 
by a concavity of the same kind, although not so marked, as that in 
the case of the left-hand discharges. 

These diagrams show that each coil discharge commences with a 
bright spark passing directly between the terminals ; that this spark 
is in general followed by the pink light or arc discharge, which passes 
first in the immediate neighbourhood of the initial spark, and gradually 
extends like an elastic string in semicircular loops outwards; and 
that the flame proper is a phenomenon attendant on tbe close of the 
entire discharge. It should be added that observations with a mirror 
revolving on a horizontal axis, and with a horizontal slit in front of 
the discharge, show that the disk is not simultaneouslyijlluminated 
throughout, but that it is a locus of a curvilinear discharge which moves 
outwards and expandsLin its dimensions from the centre. 

Tbe mechanism of the discharge would therefore seem to be as 
follows*: In the first place, as soon as the tension is sufficient, the 
electricity from the terminals breaks through tbe intervening air, 
but with such rapidity that the fracture is like that of glass, or other 
rigid substance. This opens a path, along which, if there remains 
sufficient electricity of sufficient tension, tho discharge will continue 
to flow. During such continuance the gas becomes heated, and 
behaves like a conductor carrying a current ; and upon this the 
magnet can act according to known laws. As long as tho electricity 
continues to flow, the heat will at each moment determine the easiest, 
although not the shortest path for its subsequent passage. In this 
way the gas, which acts at one moment as the conductor of the dis- 
charge, and at the next as tbe path for it, will be carried further and 
farther out until the supply of the electricity from tho coil fails, and 
tbe whole dischaf^e ceases. We are, in fact, led by these expe4mGnts 
to the conclusion that it is the gas in the act of carrying the cfirrent, 
and not the current moving freely in the gaseous space, upon which 
the magnet acts. 

This explanation of tho magnetic displacement of a discharge 
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receives strong support from the phenomena represented in Figs. 
6, 6, and 7. The successive bright lines there shown must be due to 
successive falls and revivals of tension within a single coil discharge. 
The existence of such alternations in coil discharges of large 
quantity is otherwise known. When the fall in temperature is such 
that the conductivity of the gas is insufficient to maintain the arc, 
the discharge can make its way through the air only by a fresh rent 
of tlie same kind as the first fracture. But how can this be recon- 
ciled with the fact that the tension can never reach its original degree, 
and must, on the whole, bo gradually falling, and that, in addition, 
the paths represented by these various sj^arks are successively longer 
and longer? The answer to this (piostion is to bo found plainly 
written in the phenomena themselves. Any irregularity in one of 
these bright lines is always found to be accurately repeated in all of 
the same series. Now, it is scarcely to be conceived that, at succes- 
sive instants of time and in different portions of S]>ace, irregularities 
in the discharge itself, and in the distribution of the gas, so precisely 
tlie same, would constantly and for certain recur ; and we are there- 
fore drivcu conclusion that it is the same portion of gas which 

at first occupied the centre of the field, with its same yet unhealed 
rent, which is moved outward under the action of the magnet. If this 
bo so, wo have in this repetition of minute details nothing more than 
what would necessarily follow from successive reopenings of the 
weak parts of the gas, which would bo surely found out by the elec- 
tricity in its struggle to pass. 

The view hero taken of the material character of the luminous 
discharge is further borne out by the fact that the spindle of light is 
capable of being diverted by a blast of air. When the blast is gentle, 
the discharge becomes curvilinear, approximately semicircular, and 
the yellow flame may bo seen playing about the outer edge, in tho 
same way as in a weak magnetic field. When the blast is stronger, 
the sheet of liglit becomes irregular in form, and it is travers'^ d by a 
scries of bright lines, all of which follow, even in their minute details, 
tho configuration of tlie sheet. Tho analogy between this and tho 
phenomena produced in a strong magnetic field needs no further 
remark. If the strength of the blast bo still further increased, the 
flame and tho sheet of light both disappear, and nothing remains 
but bright sparks passing directly, and undisturbed, between the 
terminals. In this case the air is both displaced and cooled so 
rapidly by the blast, that it no longer offers a practicable conduc- 
tive path for tho remainder of the electricity, coming from the coil, 
to follow. Of this a succession of disruptive sparks is a necessary 
consequence. 

The effect thus produced by a very strong blast is iu fact similar 
to that observed when a jar is used as a se-'^mdary condenser. In 
this case tho electricity, instead of flowing gradually from the coil, 
passes in one or more instantaneous discharges with finite intervals 
of time between thorn. Each of these has to break its way through 
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the air; and, that done, it ceases. Hence, neither a magnet, nor a 
blast of air will have any effect in diverting such a discharge. 

As a last stage of the phenomena, it may be mentioned that, if the 
interval between the terminals be near the limit of striking distance, 
either a blast of air, or the setting up of a magnotic field will alike 
extinguish the discharge. 

Our experiments have been thus far carried on in air at atmo- 
spheric pressure; but there is nothing in this pressure which is 
essential to them or to the conclusions to which we have been led. 
We may therefore repeat them in air, or any other gaseous medium, at 
any pressure we please. This consideration leads us into the region 
(so fertile in an experimental point of view) of discharges in vacuum 
tubes. 

Commencing with a tube of moderate diameter and of very slight 
exhaustion, we can at once recognize our former phenomena slightly 
changed. Proceeding to another tube, of larger diameter and of 
moderate exhaustion, and placing it axially or cquatorially in a mag- 
netic field, we SCO not only that the discharge (or rather the con- 
ductor carrying it) is displaced, but also that the displaced part is 
spread out into a sheet or ribbon, showing that the discharge is 
affected gradually, exactly in the same way as was found in the 
open air. 

When the exhaustion is carried further, the phenomena become 
rather more complicated. At an early stage there is a distinct separa- 
tion between the “negative glow” and the rest of the luminous 
column ; and at a more advanced stage the column itself is broken into 
separate luminosities or striae. When this is the case,*^ is usually 
said that the negative glow follows the lines of magnotic force, while 
the luminous column distributes itself according to Ampere’s law. 

It will, however, be found that when completely analysed the 
action of the magnet upon the stria), taken individually, is the same 
as that upon the negative glow, due allowance being made for the 
differences in local circumstances subsisting between the one and the 
other. We have elsewhere shown that the negative glow is in reality 
as truly a stria as any other individual member of the luminous 
column ; but with this difference, that it is anchored to, and dependent 
for its form on, a rigid metallic terminal, whereas each of the others 
is dependent on the variable form and position of tho stria immediately 
next in 'order, reckoning from the negative end of tho tube. The 
action of a magnet in throwing the negative glow into a sheet of 
light, which is the locus of the lines of force passing through the 
terminal, and which consequently varies with the position of the tube 
in the field, is a j^henomenon so well known that wo need repeat only 
a single experiment by way of reminder. 

Although it is not altogether so easy to show that the other strife 
are directly affected by a magnetic field in the same way aS is tho 
anchored stria, we may still satisfy ourselves that it is the fact, from 
tho consideration that when the strife are well developed and tho 
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xnagnetio field is strong, it is quite possible to form a magnetic arcb at 
any part of the column. In this exporiraent it will be noticed that 
for the formation of the arch in mid-column it is necessary that both 
poles of tho magnet should act upon one and the same stria. This, 
in fact, means that the polo nearest the negative end anchors the 
stria, and thereby brings it into conditions similar to those of the 
negative glow. When this is effected the two exhibit similar modifi- 
cations in the magnetic field. 

In support ot this view, we may adduce another and quite indepen- 
dent method of anchoring a stria, and of thereby producing a magnetic 
arch elsewhere than at tho negative terminal. It was noticed by 
Goldstein and others that if the negative terminal of a tube bo 
enveloped by an insulating surface of any form pierced with a number 
of holes, or if a diaphragm similarly pierced be placed anywhere in 
the tube, that the pierced surface will act as a negative terminal. Ho 
also found that tho finer and closer the holes, tho more complete tho 
resemblance to tho action of a negative terminal. But even when tho 
substance is jnetallu , i ^d when the holes are neither very small nor 
very numorox'^. n perforated diaphragm will so far act like a negative 
teiminal as to serve as a point of departure of a stria. There is, 
however, this difference, that the blank space immediately adjoining 
the diaphragm, as it is usually called, is not generally so large as 
that at the true terminal ; and the strife thus artificially formed 
always lie close up to the holes. The diaphragm, in fact, anchors 
tho stria, and renders it susceptible of tho same magnetic effect as 
was shown in tho cases studied before. 

The action of a diaphragm in a magnetic field gives rise to many 
other interesting and remarkable results ; some of which would further 
illustrate the views now submitted for your consideration. But these 
must be reserved for another occasion. 

In the foregoing experiments, and in the remarks which have 
accompanied thorn, I have endeavoured to illustrate, by refert iice to 
gaseous media, the principle enunciated at the outset, that in the dis- 
placement of tho discharge in a magnetic field, the subject of the 
magnetic action is the material substance or medium which conveys 
tho discharge. I have shown also that, even when tho discharge 
takes place in media so attenuated as to produce tho phenomena of 
striffi, the same pi iuciple apidics not only to the discharge as a w'holc, 
but also to each component stria or unit ; and, lastly, that the 
apjiarent diversity of effect on the various stri© is duo to local cir- 
cumstances, and not to any fundamental difference between the “ nega- 
tive glow ” and the members of tho “ positive column.” 

Seeing now that the magnetic displacement of the luminous dis- 
charge means displacement of tho matter in a luminous condition, and 
that a crowding of such luminous matter i^i'^olvos an increase of 
luminosity, may wo not infer with a high degree of probability that 
tho 8 trim arc themselves aggregations of matter, and that tho dark 
spaces between them are comparatively vacuous. 
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It is true that such a view of the case would seem to imply that, in 
gaseous media, the better the yacuum the more easily can the elec- 
tricity pass ; and that this might at first sight appear to be at variance 
with the known fact that the resistance of a tul^ decreases with the 
pressure until a minimum, determinate for each kind of gas, and then 
increases. But it has been suggested by Edlund (* Annales do Chemie 
et de Physique,* 1881, tom. iii. p. 1991 that the resistance of a tube 
may really consist of two parts, first that due to the passage of the 
electricity through the gas itself and, secondly, that due to its passage 
from the terminals to the gas ; and also that the former decreases, 
while the latter increases, as the pressure is lowered. On this 
supposition the observed phenomena may bo explained, without 
assigning any limit to the facility with which electricity may traverse 
the most vacuous space. 

We may even carry the suggestion of a resistance of the second 
kind a little further, and suppose that there is a resistance due to the 
passage of electricity from a medium of one density to that of another, 
or from layer to layer of different degrees of pressure. And from 
this point of view wo may regard the strife as expressions of resistance 
due to the varying pressure in different parts of the tube. Into the 
question, whence this variation of pressure, 1 am not at present 
prepared to enter ; it must suffice for this evening to have shown that 
the conclusions which we have drawn from our experiments are not 
in disaccordance with other known phenomena of the electrical 
discharge. 

rw. S.] 
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Qbobgk Busk, Esq. F.K.S. Treasurer and Vice-President, 
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Sir William Thomson, LL.D. F.R.S. 

The Size of Atoms. 

Foun lines of argument founded on observation have led to the con- 
clusion that atoms or molecules are not inconceivably, not immeasur- 
ably small. I use the words “ inconceivably ” and “ immeasurably ” 
advisedly. That which is measurable is not inconceivable, and 
therefore the two words put together constitute a tautology. Wo 
leave incoiieelvublonoss in fact to metaphysicians. Nothing that 
we can measure is inconceivably large or inconceivably small in 
physical science. It may bo difficult to understand the numbers 
expressing the magnitude, but whether it be very large or very small 
there is nothing inconceivable in the nature of the thing because of 
its greatness or smallness, or in our views and appreciation and 
numerical expression of the magnitude. The general result of the 
four lines of reasoning to which I have referred, founded respectively 
on the undulatory theory of light, on the phenomena of contact 
electricity, on capillary attraction, and on the kinetic theory of gases, 
agrees in showing that the atoms or molecules of ordinary matter 
must bo something like the 1-10, 000, 000th, or from the 1-10, 000,000th 
to the 1- 100,000,000th of a centimetre in diameter. I speak somewhat 
vaguely, and I do so, not inadvertently, when I speak of atoms and 
molecules. I must ask the chemists to forgive me if 1 even abuse the 
words and apply a misnomer occasionally. The chemists do not 
know what is to bo the atom ; for instance, whether hydrogen gas 
is to consist of two pieces of matter in union constituting one molecule, 
and these molecules flying about ; or whether single molecules each 
indivisible, or at all events undivided in chemical action, constitute 
the structure. I shall not go into any such questions at all, but 
merely take the broad view that matter, although we may conceive it 
to be infinitely divisible, is not infinitely divisible without decompo- 
sition. Just as a building of brick may bo divided into parts, into a 
part containing 1000 bricks, and another part containing 2500 bricks, 
and those parts viewed largely may be said to be similar or homo- 
geneous ; but if you divide the matter of a brick building into spaces 
of nine inches thick, and then think of subdividing it farther, you 
find you have come to something which is atomic, that is, indivisible 
without destroying the elements of the structure. The question of 



228 


LIBRARY OF SCIENCE 


the moleonlar structure of a building does not necessarily involve the 
question, Can a brick be divided into parts ? and can those parts be 
divided into much smaller parts? and so on. It used to be a favourite 
subject for metaphysical argument amongst the schoolmen whether 
matter is infinitely divisible, or whether space is infinitely divisible, 
which some maintained, whilst others maintained only that matter is 
not infinitely divisible, and demonstrated that there is nothing in- 
conceivable in the infinite subdivision of space. Why, even time was 
divided into moments (time-atoms 1), and the idea of continuity of 
time was involved in a halo of argument, and metaphysical — I will 
not say absurdity — but metaphysical word-fencing, which was no 
doubt very amusing for want of a more instructive subject of study. 
There is in sober earnest this very important thing to bo attended to, 
however, that in chronometry, as in geometry, we have absolute con- 
tinuity, and it is simply an inconceivable absurdity to suppose a limit 
to sm^lness whether of time or of space. But on the other hand, 
whether we can divide a piece of glass into pieces smaller than the 
l-100,000th of a centimetre in diameter, and so on without breaking 
it up, and making it cease to have the properties of glass, just as a 
brick has not the property of a brick wall, is a very practical question, 
and a question which we are quite disposed to enter upon. 

I wish in the beginning to beg you not to run away from the 
subject by thinking of the exceeding smallness of atoms. Atoms are 
not so exceedingly small after all. The four lines of argument 1 havo 
referred to make it perfectly certain that the molecules which consti- 
tute the air we breathe are not very much smaller, if smaller at all, 
than 1-10, 000, 000th of a centimetre in diameter. I told by a 
friend just five minutes ago that if 1 give you results in centimetres 
you will not understand me. 1 do not admit this calumny on the 

Fio. 1. 

!• 

One centimetre. One millimetre. 

Boyal Institution of Great Britain ; no doubt many of you as English- 
men are more familiar with the unhappy British inch ; but you all 
surely understand the centimetre, at all events it was taught till a few 
y^rs ago in the primary national schools. Look at that diagram 
(Fig. 1), as I want you all to understand an inch, a centimetrei^a milli- 
metre, the 1-lOt^ of a millimetre, and the 1-lOOth of a miflimetro, 
the 1-lOOOth of a millimetre, and the 1-1,000, 000th of a mijlimetro. 
The diagram on the wall represents the metre ; below that the yard ; 
next the deemetre, and a circle of a decimetre diameter, the centi- 
metre and a circle of a centimetre, and the millimetre, which is 1-1 0th 
of a centimetre, or in round numbers l-40th of an inch. Wo will 
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adhere however to one simple system, for it is only because we are 
in England that the yard and inch are put before you at all, among 
the metres and centimetres. You see on the diagram then the metre, 
the centimetre, the millimetre, with circles of the same diameter. 
Somebody tells mo the millimetre is not there. I cannot see it, but it 
certainly is there, and a circle whose diameter is a millimetre, both 
accurately painted in black. I say there is a millimetre, and you 
cannot see it. And now imagine there is 1-1 0th of a millimetre, and 
there 1-lOOth of a millimetre and 1-lOOOth of a millimetre, and there 
is a round atom of oxygen 1-1, 000, 000th of a millimetre in diameter. 
You see them all. 

Now we must have a practical means of measuring, and optics 
supply us with it for thousandths of a millimetre. One of our 
temporary standards of measurement shall bo the wave-length of 
light ; but the wave-length is a very indefinite measurement, because 
there are wave-lengths for different colours of light, visible and in- 
visible, in the ratio of 1 to 16. We have, as it were — borrowing an 
analogy from sound — four octaves of light that we know of. How far 
the range, in • ^'ality extends above and below the range hitherto 
measured, we cannot even guess in the present state of science. The 
table before you (Table I.) gives you an idea of magnitudes of length. 


Table I— Data for Visible Light. 


Line 

of '^p^^traln 

Wa\ p-Iength 
in Lt ntimeires 

Wave Frequency, 
or Number of Pern^a 
per St cond 

A 

7-604 X 10* 

305-0 

X io>* 

B 

6-867 „ 

437-3 


C 

6-562 

457-7 


T>. 

D, 

5-895 „ ) 
r>-h89 „ f 

509-7 


K 

5-26V* „ 

570-0 


h 

5- 183 „ 



F 

4-861 

617 9 


O 

4 307 „ 

697 3 


TI, 

3-968 „ 

756-9 


11. 

3-933 „ 

763 6 



and again of small intervals of time. In the column on the left you 
have the wave-length of light in fractions of a centimetre ; the unit 
in which these numbers to the loft is measured is the 1-1 00,000th (or 
10"") of a centimetre. Wo have then, of visible light, wave-lengths 
from to 4 nearly, or 3* 9. You may say then roundly, that for the 
wave-lengths of visible light, which alone is what is represented on 
that table, wo have wave-lengths of from 4 to 8 on our scale of 
1-100, 000th of a centimetre. Tho 8 is invisible radiation a little 
below the red end of the spectrum. Tho lowest, marked by Fraun- 
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hofer with the letter A, has for waye-length 7^100, 000th of a oenti- 
metre. On the model before yon I will now ehow yon what is meant 
by a wave-length ; ” it is not length along the crest, snoh as we 
sometimes see well marked in a breaking wave of the sea, on a long 
straight beach ; it is distance from crest to crest of the waves. [This 
was illustrated by a large nnmber of horizontal rods of wood con- 
nected together and suspended bihlarly by two threads in the centre 
hanging from the ceiling ; * on moving the lowermost rod, a wave 
was propagated up the series.] Imagine the ends of those rods to 
represent particles. The rods themselves let us suppose to be in- 
visible, and merely their ends visible, to represent the particles acting 
upon one another mutually with elastic force, as if of indiarubber 
b^ds, or steel spiral springs, or jelly, or elastic material of some 
kind. They do act on one another in this model through the central 
mounting. Here again is another model illustrating waves (Fig. 2).t 
The white circles on the wooden rods represent pieces of matter — I 
will not say molecules at present, though we shall deal with them as 
molecules ^terwards. Light consists of vibrations transverse to the 
lino of propagation, just as in the models before you. 


* The details of this bifilar suspension need not be minutely described, as the 
new form, with a single steel pianoforte wire to give the required mutual forces, 
described below and representcld in Fig. 2, is better and more easily made. 

t This apparatus, wliich is represented in the woodcut, Fig. 2, is of the follow- 
ing dimensions and description. The series of equal and similar bars (B) of 
which the ends represent molecules of the medium, and the pendulum bar (P), 
which performs the part of exciter of vibratious, or of kinetic store of vibrational 
energy, are pieces of wood each 50 centimetres long, 3 oentimi tresltroad, and 1 * 5 
centimetres thick. The suspending wire is steel pianoforte wire No. 22 B. W. G. 
(•07 of a cm. diameter), ^nd the bars are secured to it in the following manner. 
Three brass pius of about *4 of a ceiitimetro diameter are fitted Irxisely in each 
bar in tbp position as indicated ; i.e. forming the corners of an isosceles triangular 
figure, with its base parallel to the line of the suspending wire, and about 1 mm. 
to one side of it. The suspending wire, which is laid in grooves cut in the pins, 
is passed under the upper pin, outside the pin at the apex of the triangle, over tiie 
upper side of the lower pin, and thence down to the next bar. The upper end of 
this wire is secured by l^ing taken through a hole in the supporting beam and 
several turns of it put round a pin placed on one side of the hole, as indicated in 
the diagram. To each end of the ^ndulum bar is made fast a steel spiral spring 
as shown ; the upper ends of these springs being secured to short cords which pass 
up through holes in the supporting beam, and are fastened by two or tlireo turns 
taken round the pins. These steel springs serve as potential stores of vibrational 
energy alternating in each vibration with the kinetic store constituted by the 
pendulum bar. ^e ends of the vibrating bars (B) are loaded with ipasses of 
lead attached to them. The much larger masses of lead seen on the pendulum 
bar, which are adiustable to different positions on the bar, are, in the 'diagram, 
shown at the smallest distance apart. The lowermost bar carries two vanes of tin 
projecting downwairis, which dip into viscous liijuid (treacle diluted wilh water) 
oontaioed in the vessel (c). A heavy weight resting on the bottom of tlSB vessel, 
and connected to the lower end of the suspending wire by a stretched indiarubber 
band, serves to keep the lower end of the apparatus in position. The period of 
vibration of the pendulum bar is adjustable to any desired magnitude by shifting 
in or out the attached weights, or by tightening or relaxing the cords which pull 
the upper ends of the spiral springa 
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Now in that boaiitiful experiment well known as Newton’s rings 
we have at once a measure of length in the distance between two 
pieces of glass to give any particular tint of colour. The wave-length 
you see, in the distance from crest to crest of the waves travelling up 
the long model when I commeuoo giving a simple harmonic oscilla- 
tion to the lowest bar. I have here a convex lens of very long focus» 
and a piece of plate glass with its back blackened. When I press the 
piece of glass against the glass blackened behind, I see coloured rings ; 
the phenomenon will be shown to you on the screen by means of tlie 
electric light reflected from the space of air between the two pieces of 
glass. This phenomenon was first observed by Sir Isaac Newton, and 
was first explained by the undulatory theory of light. [Newton’s 
rings are now shown on the screen before you by reflected electric 
light.] If I press the glasses together, you see a dark spot in tlio 
centre ; the rings appear round it, and there is a dark centre with 
irregularities. Pressure is required to produce that spot. Why *? 
The answer generally given is, because glass repels glass at a distance 
of two or throe wave-lengths of light ; say at a distance of l-5000th 
of a centimetre. I do not believe that for a moment. The seeming 
repulsion comes from shreds or particles of dust between them. The 
black spot in the centre is a place where the distance between them is 
less than a quarter of a wave-length. Now the wave-length for ytdlow 
light is about l-17,000th of a centimetre. The quarter of 1-1 7,000th 
is about 1 -70,000th. The place w'hcrc you see the middle of that black 
circle corresponds to air at a distance of less than 1-70, 000th uf a 
centimetre. Passing from this black spot to the first ring of maxi- 
mum light, add half a wave-length to the distance, aiid^o can toll 
what the distance between the two pieces of glass is at this place ; 
add another half wav(f-lengtb, and we come to the next maximum of 
light again ; but the colour prevents us speaking very definitely 
b<^cause we have a number of difforent wave-lengths conoernod. I 
will simplify that by reducing it all to one colour, red, by interposing 
a red glass. You Lave now one colour, but much less light altogether, 
because this glass only lets through homogeneous red light, or not 
much besides. Now look at what you see on the screen, and you 
have unmistakable evidence of fuleruins of dust bctw'(‘en the glass 
surfaces. When I put on the screw, I wbitoii the central black spot 
by causing the elastic glass to pivot, as it were, round the innumerable 
little fulcrums constituted by the molecules of dust ; and the pieces 
of glass are pressed not against one another, hut against these fulcrums. 
There arc innumerable — say thousands — of little particles of dust 
jammed botween the glass, some of them of perhaps l-300()th of a 
centimetre in dianactcr, say 5 or 6 wave-lengths. If you lay oi|c piece 
of glass on another, you think you arc pressing gloss on glassy but it 
is nothing of the kind ; it is glass on dust. This is a very beautiful 
phenomenon, and my first object in showing this oxpiTimOnt was 
simply because it gives us a linear measure bringing us down at once 
to 1*1 00,000th of a contimotro. 
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Nowr I am just going to enter a very little into detail regarding 
the reasons that those four lines of argument give us for assigning a 
limit to the smallness of the molecules of matter. I shall take 
cont^t electricity first, and very briefly. If I take these two pieces 
of zinc and copper and touch them together at the two comers, they 
become electrified, and attract one another with a perfectly definite 
force, of which tho magnitude is ascertained from absolute measure- 
ments in connection with the well-established doctrine of contact 
electricity. I do not feel it, because the force is very small. You 
may do tho thing in a measured way ; you may place a little metallic 
knob or projection on one of them of 1-1 00,000th of a centimeter, 
and lean tho other against it. Let there be three such little metal feet 
put on tho copper ; let mo touch the zinc plate with one of them, and 
turn it gradually down till it comes to touch the other two. In this 
position, with an air-space of 1-100, 000th of a centimetre between 
them, there will be positive and negative electricity on the zinc and 
copper surfaces respectively, of such quantities as to cause a mutual 
attraction amounting to 2 grammes weight per square centimetre. 
The amount work done by the electric attraction upon tho plates 
while they are being allowed to approach one another with metallic 
connection between them at tho corner first touched, till they come to 
the distance of 1,100,000th of a centimetre, is 2-100, OOOths of a centi- 
metre-gramme, supposing the area of each plate to be one square 
centimetre. 

I will now read you a statement from an article which was pub- 
lished thirteen years ago in ‘ Nature.' * 

“ Now let a second plate of zinc bo brought by a similar process 
to the other side of the plate of copper ; a second plate of copi)er to 
the remote side of this second plate of zinc, and so on till a pile is 
formed consisting of 50,001 plates of zinc and 50,000 plates of copper, 
separated by 100,000 spaces, each plate and each space l-100,000th 
of a centimetre thick. Tho whole work done by electric attraction in 
the formation of this pile is two centimetre-grammes. 

The whole mass of metal is eight grammes. Hence the amount 
of work is a quarter of a centimetre-gramme per gramme of metaL 
Now 4030 centimetre-grammes of work, according to Joule's dynamical 
equivalent of heat, is the amount required to warm a gramme of zinc 
or copper by one degree Centigrade. Hence the work dune by the 
electric attraction could warm the substance by only l-16,120th of 
a degree. But now let the thickness of each piece of metal and 
of each intervening space be 1-100, 000,000th of a centimetre, 
instead of 1-1 00,000th. The work would be increased a million- 
fold unless 1- 100,000,000th of a centimetre approaches the smallness 
of a molecule. The heat equivalent would therefore be enough to 


♦ See article “ On the Size of Atoms,” published in ‘ Nature,' vol. i. p. 551 ; 
printed in Thomson and Tait'a * Natural Philosophy,' second edition, 1883, vol. i. 
part 2, Appendix F. 
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raise the temperature of the material by 62*^. This is barely, if 
at all, admissible, according to our present knowledge, or, rather, 
want of knowledge, regarding the heat of combination of zinc and 
copper. But suppose the metal plates and intervening spaces to 
be made yet four times thinner, that is to say, the thickness of each 
to be 1-400, 000, 000th of a centimetre. The work and its heat 
equivalent will be increased sixteenfold. It would therefore be 990 
times as much as that required to warm the mass by one degree 
Centigrade, which is very much more than can possibly be produced 
by zinc and copper in entering into molecular combination. Were 
there in reality anything like so much heat of combination as this, a 
mixture of zinc and copper powders would, if melted in any one spot, 
run together, generating more than heat enough to melt each through- 
out ; just as a large quantity of gunpowder if ignited in any one spot 
bums throughout without fresh application of heat. Hence plates of 
zinc and copper of 1-300, 000, 000th of a centimetre thick, placed close 
together alternately, form a near approximation to a chemical combina- 
tion, if indeed such thin plates could bo made without splitting atoms.” 

In making brass, if we mix zinc and copper together we find no 
very manifest signs of chemical affinity at all ; there is not a great 
deal of heat developed ; the mixture does not become warm, it does not 
explode. Hence we can infer certainly that contact-electricity action 
ceases, or does not go on increasing according to the same law, when 
the metals are subdivided to something like 1-1 00,000,000th of a 
centimetre. Now this is an exceedingly important argument. I have 
more decided data as to the actual magnitude of atoms or molecules 
to bring before you presently, but I have nothing moro^ecided in 
giving for certain a limit to supposahle smallness. We cannot reduce 
zinc and copper beyond a certain thickness without putting them into 
a condition in which they lose their properties as wholes, and in 
which, if put together, we should not find the same attraction as we 
should calculate upon from the thicker plates. I think it is im- 
possible, consistently with the knowledge we have of chemical affinities 
and of the effect of melting zinc and copper together, to admit that 
a piece of copper or zinc could bo divided to a thinness of much less, 
if at all less, than 1-100,000, 000th of a centimetre without sepa- 
rating the atoms or dividing tho molecules, or doing away with the 
composition which constitutes^ as a whole tho solid metal. In short, 
the structure as it were of bricks, or molecules, or atoms, of which 
copper and zinc are built up, cannot be much, if at all, les$ than 
1-100, 000,000th of a centimetre in diameter, and may be considerably 
greater. ^ 

Similar conclusions result from that curious and most interesting 
phenomenon, the soap-bubble. Philosophers old and youngs who 
occupy themselves with soap-bubbles, have one of the most interesting 
subjects of physical science to admire. Blow a soap-bubble and look 
at it, — you may study all your life perhaps, and still learn lessons in 
physical science from it. You will now see on tho screen the imago 
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of a soap-film in a ring of metal. The light is reflected from 
the film filling that ring, and focused on the screen. It will show, 
as you see, colours analogous to those of Newton’s rings. As you 
see the image it is upside down. The liquid streams down (up in 
the image), and thins away from the highest point of the film. First 
we see that brilliant green colour. It will become thinner and 
thinner there, and will pass through beautiful gradations of colour 
till you see, as now, a deep red, then much lighter, till it becomes a 
dusky, yellowish-white, then green, and blue, and deep violet, and 
lastly black, but after you see the black spot it very soon bursts. 
The film itself seems to begin to lose its tension, when it gets 
considerably less than a quarter of the wave-length of yellow light, 
which is the thickness for the dusky white, preceding the final black. 
When you are washing your hands, you may make and deliberately 
observe a film like this, in a ring formed by the forefingers and 
thumbs of two hands, and watch the colours. Whenever you begin 
to see a black spot or several black spots, the film soon after breaks. 
The film retains its strength until we come to the black spot, where 
the thickness is clearly much less than 1-60, 000th of a centimetre, 
which is the thickness of the dusky white.* 

Newton, in the following passage in his ‘ Optics’ (pp. 187 and 191 
of edition 1721, Second Book, Part I.), tells more of this important 
phenomenon of the black spot than is known to many of the best of 
modem observers. 

“Obs. 17. — If a bubble be blown with water, first made tenacious 
by dissolving a little soap in it, it is a common observation that after 
a while it will appear tinged with a variety of colours. To defend 
these bubbles from being agitated by tlie external air (whereby their 
colours are irregularly moved one among another so that no accurate 
observation can be made of them), as soon as I had blown any of 
them I covered it with a clear glass, and by that means its colours 
emerged in a very regular order, like so many concentric rings 
encompassing the top of the bubble. And as the bubble grew thinner 
by the continual subsiding of the water, these rings dilated slowly 
and overspread the whole bubble, descending in order to the bottom 
of it, where they vanished successively. In the meanwhile, after all 


* Sinf'e this lecture was deliveretl a paper “Oq the Limiting Thickness of 
Liquid Films,” by Professors Keinold and Riicker, has been communicated to 
the Royal Society, and an abstract has been published in the * Procee<ling8,* 
No. 225, 1883. The autliors give the following results for the thickness of a 
black film of the liquids specitied : — 


Liquid. 

Plateau’s “ Liquido 
Glyc^riquo.” 

Soap Solution. 


Method. Mean Thickness. 

Electrical. *119 X 10“*cm. 

Optical. -107 „ 

Electrical. *117 „ 

Optical. * 121 „ 

The thickness, therefore, of a film of the liquide glyc^riquo and that of a film 
of a soap solution containing no glycerine are nearly the same, and about 
l-50th of the wave-length of swium light. 
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the colours were emerged at the top, there grew in the centre of 
the rings a small round blaok spot like that in the first observation, 
which continually dilated itself till it became sometimes more than 
one-half or three-quarters of an inch in breadth before the bubble 
broke. At first I thought there had been no light reflected from the 
water in that place, but observing it more curiously I saw within it 
several smaller round spots, which appeared much blacker and darker 
than the rest, whereby 1 knew that there was some reflection at the 
other places which were not so dark as those spots. And by farther 
trial 1 found that 1 could see the images of some things (as of a 
candle or the sun) very faintly reflected, not only from the great 
black spot, but also from the little darker spots which were within it. 

“Obs. 18.— If the water was not very tenacious, tho black spots 
would break forth in the white without any sensible intervention of 
the blue. And sometimes they would break forth within tho pre- 
cedent yellow, or red, or perhaps within the blue of tho second order, 
before the intermediate colours had time to display themselves.’* 

Now I have a reason, an irrefragable reason, for saying that the 
film cannot keep up its tensile strength to 1-1 00,000,000th of a 
centimetre, and that is, that the work which would be required to 
stretch the film a little more than that would bo enough to drive it 
into vapour. 

The theory of capillary attraction shows that when a bubble — a 
soap-bubble, tor instance — is blown larger and larger, work is done 
by the stretching of a film which resists extension as if it were an 
elastic membrane with a constant contractile force. Thi^contractile 
force is to be reckoned as a certain number of units of force per unit 
of breadth. Observation of tho ascent of water in capillary tubes 
shows that the contractile force of a thin film of water is about 16 
milligrammes weight per millimetre of breadth. Hence the work 
done in stretching a water film to any degree of thinness, reckoned 
in millimetre-milligrammes, is equal to sixteen times the number of 
square millimetres by which the area is augmented, provided the film 
is not made so thin that there is any sensible diminution of its con- 
tractile force. In an article “ On tho Thermal Effect of Drawing out 
a Film of Liquid,” published in the ‘ Proceedings ’ of tho Royal Society 
for April 1858, 1 have proved from the second law of thermodynamics 
that about half as much more energy, in tho shape of heat, must be 
given to the film, to prevent it from sinking in temperature while it is 
being drawn out. Hence the intrinsic energy of a mass of ^ater in 
the shape of a film kept at constant temperature increases by 24 
milligramme-millimetres for every square millimetre added to its 
area. 

Suppose, then, a film to be given with the thickness of a millimetre, 
and suppose its area to be augmented ten thousand and one fold : the 
work done per square millimetre of the original film, that itf to say 
per milligramme of the mass, would bo 240,000 millimetre-milli- 
grammes. Tho heat equivalent to this is more than half a degree 
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Centigrade (0 • 57°) of elevation of temperature of the substance. The 
thickness to which the film is reduced on this supposition is very 
approximately 1-10, 000th of a millimetre. The commonest observa- 
tion on the soap-bubble shows that there is no sensible diminution 
of contractile force by reduction of the thickness to 1-10, 000th of a 
millimetre ; inasmuch as the thickness which gives the first maximum 
brightness, round tho black spot seen where the bubble is thinnest, is 
only about l-8000th of a millimetre. 

The very moderate amount of work shown in tho preceding esti- 
mates is quite consistent with this de<iuction. But suppose now 
the film to be farther stretched until its thickness is reduced to 
1-10,000, 000th of a millimetre (1-100, 000, 000th of a centimetre). 
The work spent in doing this is two thousand times more than that 
which wo have just calculated. Tho heat equivalent is 280 times the 
quantity required to raise tho temperature of the liquid by 1° Centi- 
grade. This is far more than we can admit as a possible amount of 
work done in the extension of a liquid film. It is more than half tho 
amount of work which, if spent on the liquid, would convert it into 
vapour at 01 dinary atmospheric pressure. The conclusion is un- 
avoidable, that a water-film falls off greatly in its contractile force 
before it is reduced to a thickness of 1-10,000, 000th of a millimetre. 
It is scarcely possible, upon any conceivable molecular theory, that 
there can be any considerable falling off in the contractile force as 
long as there are several molecules in the thickness. It is therefore 
probable that there are not several molecules in a thickness of 
1-10, 000,000th of a millimetre of water. 

Now when wo are considering tlie subdivision of matter, look at 
those beautiful colours which you see in this little casket, left, I 
believe, by Professor Brando to the Royal Institution. It contains 
polished steel bars, coloured by having been raised to different degrees 
of heat, as in tho process of annealing hard-tempered steel. These 
colours, produced by heat on other polished metals besides steel, are 
duo to thin films of transparent oxide, and their tints, as those of 
the soap-bubble and of tho thin space of air in “Nowton’s rings,” 
depend on tho thickness of the film, which, in tho case of oxidisable 
metals, forms, by combination with tho oxygen of the air under the 
influence of heat, a true surface-burning. 

You are all familiar with the brilliant and beautifully distributed 
fringes of heat-colours on polished steel grates and fire-irons escaping 
that unhappy rule of domestic msthetics which too often keeps those 
articles glittering and cold and useless, instead of letting them show 
the exquisite play of warm colouring naturally and inevitably brought 
out when they are used in the work which is their reason for exist- 
ence. The thickness of the film of oxide which gives the first 
perceptible colour, a very pale orange or buff tint, due to the en- 
foeblemont or extinction of violet light and enfeeblement of blue, and 
loss enfeeblement of the other colours in order, by interference of the 
reflections from tho two surfaces of the film, is about 1-100, 000th of 
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a centimetre, being something less than a quarter wave-length of 
violet light in the oxide. 

The exceedingly searching and detective efficacy of electricity 
comes to our aid here, and by the force, as it were, spread tl trough 
such a film, proves to us the existence of the film when it is consider- 
ably thinner than that 1- 100,000th of a centimetre, when in fact it is 
so very thin as to produce absolutely no perceptible effect on the 
reflect^ light, that is to say, so thin as to bo absolutely invisible. 
If in the apparatus for measuring contact electricity, of which tho 
drawing is before you (‘Nature,’ vol. xxiii. p. 567), two plates of 
freshly polished copper be placed in the Volta condenser, a very 
perfect zero of effect is obteined. If, then, one of the plates be 
taken out, heated slightly by laying it on a piece of hot iron, and 
then allowed to cool again and replaced in tho Volta condenser, it is 
found that negative electricity bournes condensed on the surface thus 
treated, and positive electricity on the bright copper surface facing 
it, when tho two are in metallic connection. If the same process be 
repeated with somewhat higher temperatures, or somewhat longer 
times of exposure to it, the electrical difference is augmented. These 
effects are very sensible before any perceptible tint appears on tho 
copper surface as modified by heat. The effect goes on increasing 
with higher and higher temperatures of tho heating influence, until 
oxide tints begin to appear, commencing with buff, and going on 
through a ruddier colour to a dark-blue slate colour, when no farther 
heating seems to augment the effect. The greatest contact-electricity 
effect which I thus obtained between a bright freshly polisjj^d copper 
surface and an opposing face of copper, rendered almost black by 
oxidation, was such as to require for the neutralising potential in my 
mode of experimenting * about one-half of the potential of a Daniell’s 
cell. 

Some not hitherto published experiments with polished silver 
plates, which I made fifteen years ago, showed mo very startlingly 
an electric influence from a quite infinitesimal whiff of iodine vapour. 
The effect on tho contact-electricity quality of tho surface seems to 
go on continuously from the first lodgment, to all other tests quite 
imperceptible, of a few atoms or molecules of the attacking subbtauco 
(oxygen, or iodine, or sulphur, or chlorine, for example), and to go 
on increasing until some such thickness as 1-30, 000th or 1-40, 000th 
of a centimetre is reached by the film of oxide or iodide, or whatever 
it may be that is formed. 

The subject is one that deserves much more of careful e]tipori- 
mental work and measurement than has hitherto been devoted fo it. 
I allude to it at present to point out to yon how it is that by this 

^ 

* Firgt deecribed in a letter to Joule, published in the ‘ Proceedings the 
Literary and Philosophical Society of Manchester’ of Jan. 21, 1862, where also I 
first pointed ont the demonstration of a limit to the size of molecules from 
measurements of contact-electricity. The mode of measurement is more fully 
described in the article of * Nature^ (vol. xxiii. p. 567), referred to above. 
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electric action we are enabled as it were to sound the depth of the 
ocean of molecules attracted to the metallic surface by the vapour or 
gas entering into combination with it. 

When we come to thicknesses of considerably less than a wave- 
ion gtli wo find solid metals becoming transparent. Through the 
kindness of Prof. Dewar I am able to show you some exceedingly 
thin films of moasured thicknoBses of platinum, gold, and silver, 
placed on glass plates. The platinum is of 1*9 x 10"® cm. thickness, 
and is quite opaque; but here is a gold film of about the same 
thickness, which is transjjarent to the electric light, as you see, and 
transmilR the beautiful green colour which you see on the screen. 
The thickness of this gold (1*9, or nearly 2) is just half the wave- 
Icngtli of violet light in air. This transparent gold, transmitting 
grc'on light to tlio screen as you see, at the same time reflects yellow 
light to th(* <‘01 ling. Now I will show you the silver. It is thinner, 
being only 1*5 x 10~® of a centimetre thick, or Jths of the air-wave- 
length of violet light. It is quite opaque to the electric light so far 
as our l yt's allow us to judge, and reflects all the light up to the 
ceiling. It is" not wonderful that it should bo opaque; we might 
wonder if it were otherwise ; but there is an invisible ultra-violet 
light of a small range of wave-lengths, including a zinc line of air 
>\ave-lcngth o*4 x 10"\ which this silver film transmits. For that 
particular light the silver film of 1 • 5 x 10”"’ thickness is transparent. 
The image which you now see on the screen is a magic lantern repre- 
sentation of the self-photographed spectrum of light that actually 
came through that silver. You see the zinc lino very clear across 
it near its middle. Here then wc have gold and silver transparent. 
The silver is opaque for all except that very definite light of wave- 
lengths from about 3*07 to 3*32. 

The difterent refrangihility of different colours is a result of 
observation of vital importance in the question of the size of atoms. 
You now see on the screen before you a i)rismatic spectrum, a well- 
known pbciiomcnon i)roduced by the differences of the refractions of 
the different colours in traversing the prism. The explanation of it 
in the undulatory theory of light has taxed the powers of mathe- 
maticians to the utmost. Look first, however, to what is easy and 
made clear by that diagram (Fig. 3) before you, and you will easily 
understand that refraction depends on difference of velocity of propa- 
gation of light in the two transparent mediums concerned. The 
angles in the diagram are approximately correct, for refraction at an 
interface between air or vacuum and flint glass ; and you sec that in 
this case the velocity of propagation is less in the denser medium. 
1’he more refractive nu'diura (not always the denser) of the two has 
the loss velocity for light transmitted through it. The “ refractive 
index of any transparent medium is the ratio of the velocity of pro- 
pagation in the ether to the velocity of projmgation in the transparent 
substance. 

Now that the velocity of the propagation of light should be dif- 
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ferent in different mediums, and should in most cases be smaller in 
the denser than in the less dense medium, is quite what we shoul 1, 
according to dynamical principles, expect from any conceivable consti- 
tution of the luminiferous ether and of palpable transparent substance. 
But that the velocity of propagation in any one transparent substance 
should bo different for light of different colours, that is to say, of 
different periods of vibration, is not what we should expect, and could 
not possibly be the fact if the medium is homogeneous, without any 
limit as to the smallness of the parts of which the qualities are com- 
pared. The fact that the velocity of propagation does depend on the 
period, gives what I believe to be irrefragable proof that the substance 



of palpable transparent matter, such as water, or glass, or the bisul- 
phuret of carbon of this prism, whose spectrum is before you, is not 
infinitely homogeneous ; but that, on the contrary, if contiguous por- 
tions of any such medium, any medium in fact which can give the 
prismatic colours, be examined at intervals not incomparably small in 
comparison with the wave-lengths, utterly heterogeneous quality will 
be discovered ; such heterogeneousness as that which we underAtand, 
in palpable matter, as the difference between solid and fluid ; or 
between substances differing enormously in density ; or such h^tero- 
geneonsness as diScrences of velocity and direction of motiejn, in 
different positions of a vortex ring in an homogeneous liquid ; or 
such differences of material occupying the space examined, As we 
find in a great mass of brick building when we pass from brick to 
brick through mortar (or through rotd, as we too often find in Scotch- 
built dmnestic brick chimneys). 
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Cauchy was, I believe, the first of mathematicians or naturalists 
to allow himself to be driven to the conclusion that the refractive 
dispersion of light can only be accounted fur by a finite degree of 
molecular coarse-'grainedness in the structure of the transparent 
refracting matter ; and as, however we view the question, and how- 
ever much wo may feel compelled to differ from the details of mole- 
cular structure and molecular inter-action assumed by Cauchy, we 
remain more and more surely fortified in his conclusion, that finite 
graiuednoBS of transparent palpable matter is the cause of the dif- 
ference of the velocity of different colours of light propagated through 
it, we must regard Cauchy as the discoverer of the dynamical theory 
of the prismatic colours. 

But now wo come to the grand difficulty of Cauchy’s theory.* 
Look at this littlo Tabic (Table II.), and you will see in the heading 
the formula which gives the velocity, in terms of the number of par- 
ticles to the wave-length, supposing the medium to consist of equal 
particles arranged in cubic order, and each particle to attract its six 

Table II. — Mkh itt (T) ArcoRuiNO 10 Nvmblr (A’) op Particles in 
Wave-Length. 


y 

.. / bln (t/ > \ 

2 

63 04 

4 

90-03 

8 

97-45 

12 

98-86 

16 

99-36 

20 

99-59 

00 

100-00 


nearest neighbours, with a force varying directly as the excess of the 
distance between them, above a certain constant line (the length of 
which is to be chosen, according to the degree of compressibility 
possessed by the elastic solid, which we desire to represent by a 
crowd of mutually interacting molecules). If you suppose particles 
of real matter arranged in the cubic order, and six steel wire spiral 
springs, or elastic indiarubber bands, to bo hooked on to each par- 
ticle and stretched between it and its six nearest neighbours, the 
postulated force may bo produced in a model with all needful 
accuracy ; and if wo could but successfully wish the theatre of the 
Koyal Institution convoyed to the centre of the earth and kept thoro 
for five minutes, I should have great pleasure in showing you a model 
of an clastic solid thus constituted, and showing you waves propa- 


* For an account of t!ie dynamical theory of the “ Dispersion of Light,” see 
* View of the Undulatory Theory aa applied to the Dispersion of LighV by the 
Rev. Buden Powell, M.A., ir. (London, 1841.) 
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gated through it, as are waves of light in the luminiferous ether. 
Gravity is the inconvenient accident of our actual position which 
prevents my showing it to you here just now. But instead, you have 


Fiq. 4. Fio. 5. 



Twelve particles ia Wave-Length. 

these two wave-models (see Fig. 2), each of which shows you the 
displacements and motions of a line of particles in the propagation 
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of a wave through our imaginary three-dimensional solid, the line of 
molecules chosen being those which in equilibrium are in one direct 

Fig. 6. Fig 7. 



straiffht line of tho cubic arrangement, and the supposed wave having 
its wave front perpendicular to this line, and the direction of its 
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vibration tbe direction of one of the other two direct lines of the 
cubic arrangement. 

You have also before yon this series of diagrams (Figs. 4 to 9) of 


Fio. 8. Fig. 9. 



Two particles in Wave-Length. 


waves in a molccularly-constituted elastic solid. These two diagrams 
(Figs. 4 and 5 ) illustrate a wave in which there are twelve molecules 
in the wave-length ; this one (Fig. 4) showing (by the length and 
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poBition of tbo arrows) tlie magnitude and dircctioQ of velocity of 
each moloculo at the instant whon one of the molecules is on the crest 
of the wave, or has reached its maximum displacement ; that one 
(Fig. 6) bliowing the magnitude and direction of the velocities after 
the wave has advanced such a distance as (in this case equal to l-24th 
of the wave-length) to bring the crest of the wave to midway between 
two molecules. This pair of diagrams (Figs. 6 and 7) shows the 
same for waves having four molecules in the wave-length, and this 
pair (Figs. 8 and 9) for a wave having two molecules in the wave- 
length. 

The more nearly this critical case is approached, that is to say, 
the shorter tho wave-length down to the limit of twice the distance 
from molecule to molecule, the less becomes the diiBFerence between 
tho two configurations of motion constituted by waves travelling in 
opposite directions. In the extreme or critical case the difference is 
annulled, and tho motion is not a wave motion, but a case of what is 
often called “ standing vibration.” Before I conclude this evening I 
hope to explain in detail the kind of motion which we find instead of 
wave-raotioii (bCoi>me mathematically imaginary), when the vibrational 
period of the exciter is anything loss than the critical \alue, because 
this case is of extreme importance and interest in physical optics, 
according to Stokes’s hitherto unpublished explanation of phospho- 
rescence. 

This supposition of each molecule acting with direct force only 
on its nearest neighbour is not exactly the postulate on which Cauchy 
works. He supposes each molecule to act on all around it, according 
to some law of rapid decrease as the distance increases ; but this must 
make tho influence of coarse-grainedness on tho velocity of propaga- 
tion smaller than it is on the simple assumption realised in tho 
models and diagrams before you, which therefore represents tho 
extreme limit of tho eflicacy of Cauchy’s unmodified theory to 
explain dispersion. 

Now, by looking at the little table (Table II.) of calculated 
results, you will seo that, with as few as 20 molecules in the wave- 
length, the velocity of propagation is 99J per cent, of what it would 
be with an infinite number of molecules ; hence the extreme difference 
of propagational velocity, accountable for by Cauchy’s unmodified 
theory in its idealised extreme of mutual action limited to nearest 
neighbours, amounts to l-200th. Now look at this table (Table III.) 
of refractive indices, and you see that tho difference of velocity of 
rod light A, and of violet light H, amounts in carbon disulphide to 
1-1 7th ; in dense flint glass to nearly l-SOth ; in hard crown glass 
to l-73rd; and in water and alcohol to rather more than 1-lOOth. 
Hence, none of these substances can have so many as 20 molecules in 
the wave-length, if dispersion is to bo accounted for by Cauchy's 
unmodified theory, and by looking back to the little table of calculated 
results (Table II.), you will see that there could not be more than 
12 molecules in tho wave-length of violet light in water or alcohol ; 
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Table III.— Table of Refbaciive Indices. 


Line of 

Material. 

Spectrum. 

Hard Cro^n 

1 xtra dense 

Water at 

Carlx>n Disul- 

Alcohol at 


(jrlilM 

Flint Olasd 

16° C 

phide at 11° C 

15° C 

A 

1-511S 

1*6391 

1.3284 

1*6142 

1*3600 

B 

1*5136 

1*6129 

1*3300 

1 *6207 

1*3612 

C 

1*5146 

1*6449 

1*3307 

1*6240 

1*3621 

D 

1*5171 

1 6.>01 

1*3324 

1 *63.^3 

1 3638 

E 

1 *5203 

1 6.576 

1*3317 

1*6165 

1*3661 

b 

1*5210 

1*6591 


. 

, . 

F 

1 5231 

1*6442 

1*3366 

1*6584 

l-,3683 

G 

1-.V2,S3 

1*6770 

1*3102 

1*6836 

1*3720 

h 

1*5310 

1 * 6836 

. . 

, . 


H 

1*5328 

1*6886 1 

1 3431 

1*7090 

1*3751 


The numbers in the first two columns were determined by Dr Hopkinbon, 
those in the last three b> Messrs Gladstone and Dale. The index of refraction 
ol air for light near the line E is 1*000294. 


say 10 in hard crown glass ; 8 in flint glass ; and in carbon disul- 
pUde actually not more than 4 molecules in the wave-length, if wo 
are to depend upon Cauchy’s unmodified theory for the explanation 
of dispersion. So large coarse-grainedness of ordinary transparent 
bodies, solid or fluid, is quite untenable. Before I conclude, I intend 
to show you, from the kinetic theory of gases, a superior limit to the 
size of molecules, according to which, in glass or in watfir, there is 
probably something like 600 molecules to the wave-length, and 
almost certainly not fewer than 2, or 3, or 400. But even without 
any such definite estimate of a superior limit to the size of molecules, 
there are many reasons against the admission that it is probable or 
possible there can be only four, or five, or six, to the wave-length. 
The very drawing, by Nobert, of 4000 lines on a breadth of a milli- 
metre, or at the rate of 40,000 to the centimetre, or about two to the 
ether wave-length of blue (F) lighi,* seems quite to negative the idea 
of any such possibility of only five or six molecules to the wave-length, 
even if we were not to declare against it from theory and observation 
of the reflection of light from polished surfaces. 

We must then find another explanation of dispersion. I believe 
there is another explanation. I believe that, while giving up Cauchy’s 
unmodified theory of dispersion, wo shall find that the same general 
principle is applicable, and that by imagining each molecula to bo 
loaded in a certain definite way by elastic connection with heavier 
matter — each molitfcule of the ether to have, in palpable tranaparent 
matter, a small fringe so to speak of particles, larger and larger in 


• Loschmidt, “quoting from the Zollvereins department of the London 
International ExhibUion of 1802, p. 83, and from Hartiiig * On the Microscope/ 
p, 881,” * bitzuugsbcrichte der Wiener Akademie Math. Phys.,' 1865. Vol. 111 . 
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their suocessive order, elastically connected with it — we shall have a 
rude mechanical explanation, realisable by the notably easy addition 
of the proper appliances to the dynamical models before you, to ac- 
count for refractive dispersion in an infinitely fine-grained structure. 
It is not seventeen hours since 1 saw the possibility of this explana- 
tion. I think I now see it perfectly, but you will excuse my not 
going into the theory more fully under the circumstances.* The 
difficulty of Cauchy’s theory has weighed heavily upon me when 
thinking of bringing this subject before you. I could not bring it 
before you and say there are only four particles in the wave-length, 
and I could not bring it before you without saying there is some other 
explanation. I believe another explanation is distinctly to be had in 
the manner I have slightly indicated. 

Now look at those beautiful distributions of colour on the screen 
before you. They are diffraction spectrums from a piece of glass 
ruled with 2000 lines to the inch. And again look, and you see one 
diffraction spectrum by reflection from one of Rutherford’s gratings, 
in which there are 17,000 lines to the inch on polished speculum- 
metal. Thfe cxpLitiation by “ interference ” is substantially the same 
as that which the undulatory theory gives for Newton’s rings of light 
reflected from the two surfaces, which you have already seen. Where 
light-waves from the apertures between the successive bars of the 
grating reach the screen in the same phase, they produce light; 
there, again, where they arc in opposite phases, they prepuce darkness. 

The beautiful colours which are produced depend on the places 
of conspiring and opposing vibrations on the screen, being different 
for light-waves of diff’erent wave-lengths ; and it is by the measure- 
ments of the dimensions of a diffraction spectrum such as the first 
set you saw (or of finer spectrums from coarser gratings) that Fraun- 
hofer first determined the wave-lengths of the different colours. 

I have now, closely bearing on the question of the size of atoms, 
thanks to Dr. Tyndall, a most beautiful and interesting experiment 
to show you — the artificial “ blue sky,” produced by a very wonderful 
effect of light upon matter, which be discovered. We hav^ here an 
empty glass tube— it is “ optically void.” A beam of electric light 
passes through it now, and you see nothing. Now the light is stopped, 
and wo admit vapour of carbon disulphide into the tube. There is 
now introduced some of this vapour to about 3 inches pressure, and 
there is also introduced, to the amount of 15 inches pressure, air 
impregnated with a little nitric acid, making in all rather less than 
the atmospheric pressure. What is to be illustrated here is the 
presence of molecules of substances produced by the decomposition 
of carbon disulphide by the light. At present you see nothing in the 
tube ; it still continues to be, as before the admission of the va{K>urs, 

* Farther examination has seemed to mo to confirm this first impression ; and 
in n pa(>cr on the Dynamical Theory of Dispersion, read before the Hoynl Society 
of Edinburgh, on the 5th of March, I have given a matliematical investigation of 
the Bubjoct.-W. T., March 16, 1883. 
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optically transparent ; but gradually you will see an exquisite blue 
cloud. That is Tyndall’s “blue sky.” You see it now. I take a 
Nicol’s prism, and by looking through it I hud the azure light coming 
from the vapours in any direction perpendicular to the exciting beam 
of light to very completely polarised in the plane tlirough my eye 
and the exciting beam. It consists of light-vibrations in one definite 
direction, and that, as finally demonstrated by Professor Stokes, it 
seems to me beyond all doubt, through reasoning on this phenomenon 
of polarisation,* which he had observed in various experimental ar- 
rangements giving minute solid or liquid particles scattered through 
a transparent medium, must be the direction perpendicular to the 
plane of polarisation. 

WTiat you are now about to see, and what I tell you I have seen 
through the Nicol’s prism, is due to what I may call secondary or 
derived waves of light diverging from very minute liquid spherules, 
condensed in consequence of the chemical decomposing influence 
exerted by the beam of light on the matter in the tube, which was all 
gaseous when the light was first admitted. 

To understand these derived waves, first you must regard them as 
due to motion of the ether round each spherule ; the spherule being 
almost absolutely fixed, because its density is enormously greater than 


• Extract from Professor Stokes’s paper “ On the Change of Refrangibility of 
Light,” read before the Royal Society, May 27tb, 1852, and publislied in tho 
* Transactions ’ for tiiat date; — 

“§ 183. Now this result appears to me to have no remot(* baring on the 
question of the directions of tlie vibration in polaribcd light. So ](mg as the sus- 
pended particles are large comparud with the waves of liglit, reflection takes place 
as it would from a pjrtion.of the surface of a largo solid iminerbed in the Iluid, 
and no eonclusion can be drawn either way. But if the diameters of tho particles 
be small .compared with the length of a wave of light, it Heems plain that the 
vibrations in a reflected ray cannot be perpendicular to tho vibrations in the inci- 
dent ray. Let us suppe^so for the present, that in the cudO of the beams actually 
observed, the suspended particles were small compared with the length of a wave 
of light. Observation showed that the reflected ray was polariscil. Now all tho 
appearances prosenteil by a plane prdarised ray are symmetrical with respect to 
the plane of polarisation. Hence we have two directions to choose between for 
the direction of the vibrations in the reflected ray, namely, that of the incident 
ray, and a direction perpendicular to bdh tho incident an<l the rcflectf‘<l rays. 
The former would be necessarily perpendicular to tlie directions of vibration in 
the incident ray, and therefore we are obliged to choose the laltcT, and conse- 
quently to suppose that the vibrations of plane {lolaribed light are ])crperidiculHr 
to the plane of polarisation, since experiment shows that the plane of polarisation 
of the reflected ray is the plane ot reflection. According 10 this theory, if we 
resolve tho vibrations in the [horizontal] incident ray horizontally and vertically, 
tho resolved parts will correspond to tho two rays, polaribcd respootivew in and 
perpendicularly to tlie plane ot reflection, into which tho incident ray may bu 
conceived to be dividorl, and of these the former alone is capable of finishing 

a ray reflected vertically upwards [hr be seen by an eye above the lino of 

the incident ray, and looking vertically downwards]. And, in fact, observation 
shows that, in order to quench the dispersed beam, it is sufficient, insti'ad of 
analysing the reflected light, to ])olarise the incident light in a plane perpendicular 
to the plane of reflection.” 
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that of the ether Burrounding it. The motion that the ether had in 
virtue of the exciting beam of light alone, before the spherules came 
into existence, may bo regarded as being compounded with the motion 
of the ether relatively to each spherule, to produce the whole resultant 
motion experienced by the ether when the beam of light passes along 
the tube, and azure light is seen proceeding from it laterally. Now 
tliis second cjjmponcnt motion is clearly the same as the whole motion 
of the etlier would be, if the exciting light were annulled and each 
spherule kept vibrating in the opposite direction, to and fro through 
the same range as that which the ether in its place had, in virtue of 
the exciting light, when the spherule was not there. 

Supposing now, for a moment, that without any exciting beam at all, 
a large number of minute spherules are all kept vibrating through 
very small ranges * parallel to one lino. If you place your eye in 
the plane through the length of the tulxi and perpendicular to that 
lino, you will see light from all parts of the tube, and this light which 
you see will consist of vibmtions parallel to tliat lino. But if you 
place you eye ijt the line of the vibration of a spherule, situated about 
the middle ol the tube, you will see no light in that direction ; but 
kcc])ing your eye in the same ])osition, if you look obliquely towards 
either end of tlic tube, you will sec light fading into darkness, as you 


* In the following qurntion of ilie r**oent Smith’s Prize Examination at 
Cambridge (paper of TuoMlay, Jan. 30. 1SS3), tlio dynamics of the subject, and 
particularly the motion of the etlicr produced by keeping a single spherule 
erahodileil in it vibrating to and fro in a straight line, are illustrated in parts 
(u) and (<0 : — 

“8. ('0 From the known phenomenon that the liglit of a cloudless blue sky, 
viewed in any dirtetion perpendicular to the sun’s dnection. is almoNt wholly 
jiolaiistd in the plane tiirough the sun. assuming that this light is due to particles 
of matter of di.iim ters small in comp.irison with tin* wave-length of light, prove 
that the direction of the vibrations of plane polarised light is perpendicular to tlie 
plane of polarisation. 

“ (^) Slmw that the eijuations of motion of a homogeneous isotropic clust.c solid 
of unit di iisity, are 

^-2 = ^ + w V a, 

where k denotes the modulus of resistance to compression ; n the rigidity-modulus ; 
a, y, the components of displacement at (x, y, ; and 

- or d^ (P 

“ (c) Show that every possible solution is included in tlie following 
dd> d <h . 
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turn your eye from either end towards the middle. Henoe, if the 
exciting beam be of plane polarised light — that is to say, light of which 
all the vibrations are parallel to one line — and if you look at the tubo 
in the direction perpendicular to this line and to the length of the 
tube, you will see light of which the vibrations will be parallel to 
that same line. But if you look at the tube in any direction parallel 
to this line, you will see no light; and the line along which you see 
no light is the direction of the vibrations in the exciting beam ; and 
this direction, as we now see, is the direction perpendicular to what 
is technically called the plane of polarisation of the light. Here, 
then, you have Stokes’s experimentum crucis by which he has answered, 
as seems to me beyond all doubt, the old vexed question — \V hethor is 
the vibration perpendicular to, or in the plane of polarisation ? To 
show you this experiment, instead of using unpolariscd light for the 
exciting beam, as in the previous experiment, and holding a small 
Nicol’s prism in my hand and telling you what I saw when 1 looked 
through it, 1 place, as is now done, this great Nicols prism in the 
course of the beam of light before it enters tlie tube. I now turn tlio 
Nicol’s prism into different directions and turn the apparatus round, 
so that, sitting in all parts of the theatre, you may all see the tube in 
the proper dilution for the successive phenomena of “ light,” and 
“ no light.” You see them now exactly fulfilling the description 
which I gave you in anticipation. If each of you had a Nicol’s prism 
in your hand, you would loam that when you see light at all, its plane 
of polarisation is in the plane through your eye and the axis of the 
tube ; and I hope you all now perfectly understand the psoof that the 
direction of vibration is perpendicular to this plane. 

Now I want to bring before you something which was taught ino 


where u, o, tc are such thut 


d u dv d» 

- — H - — h 7- = 0. 

ajc ay dz 


“Find differential equations for the determination of (p, m, v, w. Find tlie 
respective wave- velocities for the ^-solution, and for the (u, r, tr)-Holution. 

“(</) Prove the following to be solutions, nnd interpret eacfi for values of 
r very great in comparison ^ith A (the wave-length). 


0 ) 


( 2 ) 


d <b ^ d <b d<p 


where ^ ; 


-sin ^ [r — ^ t «)]• 

r A 


ft « 

^ = 0 , ^ = 

dz d y 

where ? sin ~ [r - tfjn]. 




<iy' 


JLt. 

dx dz* 
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a long time ago by Professor Stokes ; and year after year I have 
begged him to publish it, but he has not done so, and so I have asked 

Fig. 10. 



Diagram showiDg the different amplitudes of vibration of a row of particles 
oBcillating in a peiiod less than their least wave-period. 

him to allow me to speak of it to-night. It is a dynamical explanation 
of that wonderful phenomenon call^ fluorescence or phosphorescence. 
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The principle is mechanically represented by this model (described 
above with reference to Fig. 2). A simplo harmonic motion is, 
as you now see, susbiincd by my bond in the uppermost bar, in 
a period of about four seconds. You see that a regular wave- 
motion travels down the line of molecules represented by those 
circular disks on the ends of the bars, and the energy continually 
given to the top bar, by my hand, is continually consumed in heating 
the basin of treacle and water at the foot. I now remove my hand and 
leave the whole system to itself. The very considerable sum of 
kinetic and potential energies of the large masses and spiral springs, 
attached to the top bar, is gradually spent in sending the diminishing 
series of waves down the line, and is ultimately converted into heat 
in the treacle and water. You see that about half of the amplitude 
of vibration, and therefore three-fourths of the energy, is lost in half 
a minute. 

You will see on quickening the oscillation how very dilforent the 
result will be. The quick oscillations which I now give to the top 
bar (the period having been reduced to about one and a half kccoiuIs), 
is incapable of sending waves along the lino of molecules ; and it is 
that rapid oscillation of the particles which, according to Stokes, con- 
stitutes latent or stored up light. Remark now that wlicn I remove 
my hand from the top bar, as no waves travel down the line, no cin igy 
is spent in the treacle ; and the vibration go(‘H on for ever (or, to be 
more exact, say for one minute) as you see, witli no loss (or, to be quite 
in accordance with what we see, let me say scarcely any sensible loss). 
This is a mechanical model correctly illustiating th^ dynamical 
principle of Stokes’s explanation of phosphorosconce or stored-up 
light, stored as in the now well-known luminous paint, of which you 
see the action in this Specimen, and in the jihosphorescent sul])hidos of 
lime in these glass tubes kindly lent by Mr. Do La Rue. (Exjieri- 
ment shown.) 

Now I will show you Stokes’s phenomtmon of flnnresceyice in a 
piece of uranium glass. I hold it in the beam from the electric lamp 
dispersed by the prism as you see. You see the uranium glass now 
visible by being iUuminated by invisible rays. The rays by which it 
is illuminated even before it comes into the visible rays arc manifestly 
invisible so far as the screen receiving the spectrum is a test of 
visibility ; because the uranium glass, and my hands holding it, throw 
no shadow on the screen. Also you see the uranium glass which I 
hold in my hand in the ultra-violet light, while you do not see my 
band. I now bring it nearer the place where you see the air (or 
rather the dust in it) illuminated by the violet light : still no, shadow 
on the screen, but the uranium glass in my hand glowing more 
brilliantly with its green light of very mixed constitution, coinsisting 
of waves of longer periods than that of the ultra-violet, w’hich tho 
incident light, of shorter period than that of violet light, causes the 
particles of the uranium glass to emit. This light is altogether un- 
polarised. It was the absolute want of polarisation, and tho fact of 
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its i>eriods being all less than those of the exciting light, that led 
Stokes to distinguish this illumination, which you see in the uranium 
glass,* from the mere molecular illumination (always polarised 
partially if not completely, and always of the same period as that of 
the exciting light) which we were looking at previously in Dr. 
Tyndall’s experiment. 

Stokes gave the name of fluorescence to the glowing with light of 
larger period than the exciting light, because it is observed in fluor 
spar, and he wished to avoid all hypothesis in his choice of a name. 
He pointed out a strong resemblance between it and the old known 
phenomenon of phosphorescence ; but he found some seeming contrasts 
between the two, which prevented him from concluding fluorescence 
to be in reality a cose of phosphorescence. 

In the course of a comparison between the two phenomena (sec- 
tions 221 to 226 of his 1852 paper), the following statement is 
given : — “ But by far the most striking point of contmst between the 
two phenomena consists in the apparently instantaneous commence- 
ment and ces^tion of the illumination, in the case of internal 
dispersion when luo active light is admitted and cut off. There is 
nothing to create the least suspicion of any appreciable duration in 
the effect. When internal disx)ersion is oxhibited by means of an 
electric spark, it appears no less momentary than the illumination of 
a landscape by a flash of lightning. I have not attempted to determine 
whether any appreciable duration could be made out by means of a 
revolving mirror.” The investigation hero suggested has been 
actually made by Edmund Becquorel, and the question — Is there any 
appreciable duration in the glow of fluorescence ? — has been answered 
affirmatively by this beautiful and simple little machine before you, 
which ho invented for the purpose. The experiment giving the 
answer is most interesting, and I am sure you will see it with 
pleasure. It consists of a flat circular box, with two holes facing one 
another in the flat sides near tho circumference ; inside are two disks, 
carried by a rapidly revolving shaft, by which the holes are alter- 


• The same phenomenon is to bo seen splendidly in sulphate of quinine. An 
interesting experiment may be made by writing on a white paper screen, with a 
finger or a brush dipped in a solution of sulphate of quinine. The marking is 
quite imperceptible in ordinary light ; but if a prismatic sp^trum be thrown on 
tne screen, witn the ultra-violet invisible light on the part which had been written 
on with the sulphate of quinine, the writing is seen glowing brilliantly with a 
bluish ligiit, and darkness all round. The phenomenon presented by sulphate of 
quinine and many other vegetable solutions, and some minerals, as, for instance, 
nuor spar, and various ornamental glasses, as a yellow Bohemian glass, called in 
commerce “ canary glass ** (giving a dispersed greenish light), had been discovered 
by Sir David Brewster (* Transactions,’ Royal Society of ^inburgb, 1833, and 
British Ass^iation, Newcastle, 1838), and had been investigated also by Sir 
John Herschel, and by him called “ epipolio dispersion ” (* Pbil. Trans.,’ 1845). A 
complete experimental analysis of the phenomenon, showing precisely what it was 
that the previous observers bad seen, and explaining many sin^larly mysterious 
things wnicb they had noticed, was made by Stokes, and described in bis paper. 
On the Ohange of Befrangibility of Light ” Phil. Trans.,* May 27, 1852). 
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uatoly shut and opened ; one open when tho other is closed, and vice 
versd, A little piece of uranium glass is fixed insido the box between 
the two holes, and a beam of light from the electric lamp falls upon 
one of the holes. You look at the other. 

Now when I turn the shaft slowly you see nothing. At this instant 
the light falls on tho uranium glass through the open hole far from 
you, but you see nothing, because tho hole next you is shut. Now the 
hole next you is open, but you sue nothing, because the hole next the 
light is shut, and the uranium glass shows no perceptible after-glow as 
arising from its previous illumination. This agrdes exactly with what 
you saw when 1 held tho largo slab of uranium glass in the ultra- violot 
light of the prismatic spectrum. As long as I held tho urauimu glass 
there you saw it glowing ; the moment 1 took it out of tho iuvisiblo 
light it ceased to glow'. Tho “ mouicnt ” of which we were tlien cog- 
nisant may have been the tenth of a second. If the uranium glass had 
coutinued to glow sensibly for the twentieth or tho fiftieth of a second, 
it would have seemed to our slow-going sense of vision to cease tho 
moment it was taken out. Now I turn the wheel at such a rate that 
the hole next you is open about a fiftieth of a second after the uranium 
glass was bathed in light ; still you see nothing. I turn it faster and 
faster, and it now begins to glow, when the hole next you is open about 
the two-hundredth of a second after the immediately procodiug admis- 
sion of light by the other liole. I turn it faster and faster, and it 
glows more and more brightly, till now it is glowing like a red coal ; 
further augmentation of the speed shows, as you see, hut little 
difference in the glow. 

Thus it seems that fluorescence is essentially the same as phos- 
phorescence ; and wo may expect that substances will be found 
continuously bndgiug over the difference of quality between this 
uranium glass, which glows only for a few thousaudths of a second, 
and the luminous sulphides which glow for hours or days or weeks 
after the cessation of the exciting light. 

The most decisive and discriminating method of estimating the 
size of atoms I have left until rny allotted hour is gone —that founded 
on the kinetic theory of gases. Hero is a diagram (Fig. 11) of a 
crowd of atoms or molecules showing, on a scale of 1,000,000 to 1, all 
tho molecules of air, of which the centres may at any instant be in a 
space of a square of 1-10, 000th of a centimetre side and 1-1 00,000,000th 
of a centimetre thick. The side of tho scpiare you see in tho diagram 
is a metre, and represents 1-10, 000th of a eentimetre. Tho diagram 
shows just 100 molecules, being 1- 10,000th of the whole number of 
jiarticles (10®) in the cube of 1-10, 000th centimetre, or all tjle mole- 
cules in a slice of 1-10, 000th of the thickness of that cube. Think of 
a cube filled with particles, like these glass balls,* scattered at random 

* The piece of upparatuH now exhibiUd, ^hl^tmtetl tlie <x)Uibion.H iakin(< place 
between the uiolecules of f^ai^eous matior ami the diffusion of one into 
auother. It consisted of a board of about one metre square, perforated with 
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through a space equal to 1000 times the sum of their volumes. Such 
a crowd may bo coudoused (jnst as air may be coiiilensod) to 1-lOOOth 
of its volume, but this condeiisatiun brings the molecules into contact. 
Something coinptirablo with this may be imagined to bo the condition 
of common air of ordinary density, as in onr atmosphere. The 
diagram with size of eaeh moh< ule, which, if shown in it to scale, 
would be 1 millimetre (or too small to bo seen by you), to roproscut 


Fig. II. 



Diagrain illustrating the number of inoleeulos in a space of l-10,000lh of a 
centimetre squaic and l-100,0()0,000th of a centimetre thick. 


100 holes in ton rows of ten holes each. From each hole was suspendtHl a ci»rd 
five metres long. To the lower end of each cord, in ' ' e contiguous rows, thi re 
was KKJiind a blue colouri'd glass ball of four ccnliineties diameter; and similaily 
to each cord of the other live rowa, a red coloiirotl ball of the same size. A hall 
from one ot the ouU'r rows was piilltHl iiMdo, and, being set free, it plunged in 
ninongst the others, causing cxillibioiis throughout the whole pluue in which the 
suspended balls wore situatetl. 
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an actual diameter 1-10,000, 000th of a centimetre, represents a gas in 
which a condensation of 1 to 10 linear, or 1 to 1000 in bulk, would 
bring the molecules close together. 

Now you are to imagine the particles moving in all directions, 
each in a straight line until it collides with another. The average 
length of free path is 10 centimetres in our diagram, representing 
1-100, 000th of a centimetre in reality. And to suit the case of atmo- 
spheric air of ordinary density and at ordinary pressure you must 
suppose the actual velocity of each particle to be 60,000 centimetres 
per second, which will make the average time from collision to collision 
1-5, 000, 000, 000th of a second. 

The time is so far advanced that I cannot speak of the details of 
this exquisite kinetic theory, but 1 will just say that three points 
investigated by Maxwell and Clausius, viz. the viscosity or want of 
perfect fluidity of gases, the diffusion of gases into one another, and 
the diffusion of heat through gases— all these put togotlu'r give an 
estimate for the average length of the free path of a molecule. Then 
a beautiful theory of Clausius enables 11 s, from the average length of 
the free path, to calculate the magnitude of the atom. That is what 
Loschmidt has done,* and I, unconsciously following in bis wake, 
have come to the same conclusion , that is, wo liavu arrived at the 
absolute certainty that the dimensions of a molecule of air are something 
like that which I have stated. 

The four lines of argument which I have now indicated lead all to 
Rubstantially the same estimate of the dimensions of molecular 
structure. Jointly they establish, with what we cannot but regard as 
a very high degree of probability, the conclusion tliat, in any 
ordinary liquid, transparent solid, or seemingly opaque solid, the 
moan distance between the centres of contiguous molecules is less than 
the 1-6,000, 000th, and greater than the l-l,000,000,000th of a centi- 
metre. 

To form some conception of the degree of coarsc-grainedness 
indicated by this conclusion, imagine a globe of water or glass, as 
large as a football, t to be magnified up to the size of the earth, each 
constituent molecule being magnified in the same proportion. The 
magnified structure would be more coarse-grained than a heap of 
small shot, but probably less coarse-grained than a heap of footballs. 

[W. T.f 


♦ Stizungsbertchte of the Vienna AcaiJeray, Oct. 12, 1865, p. 395. 
t Or sny a globe of 16 centioietrca diameter. 



Friday, March 9, 1883. 

Sir Frederick Pollock, Bart. M.A. Vice-President, in the Chair. 

Professor George D. Liveing, M.A. F.K.S. 

The Ultra- Violet Spectra of the Elements, 

It seems probable that the range of our vision as regards colour is 
closely connected with the intensity of that part of the solar radiation 
which reaches us on the earth, for Langley^s observations on the in- 
tensity of tlio sun’s rays in diftbrent parts of the spectrum bring out 
the fact that the region of greatest intensity falls nearly in the middle 
of the visible spectrum, and includes those colours to which our eyes 
are most senKliH'M. The ultra-violet rays, those which lie beyond the 
violet on the more refrangible side, are not, however, absolutely 
invisible, for, by carefully excluding light of lower refrangibility, 
llerechel found that he could see some distance beyond the Fraun- 
hofer line II, into what he called the lavender-grey ; and Helmholtz 
lias succeeded in seeing nearly all the strong lines in the solar spec- 
trum almost or quite up to its limit. Still these rays may fairly bo 
said to bo beyond ordinary vision ; and from their pow’cr of chemical 
action they used to be distinguished as “actinic” rays. Wo know 
now that they have no monopoly of chemical activity, and we recognise 
no difference between luminous and actinic rays, the visible and the 
ultra-violet, except in their oscillation frt'quencies ; that is, in the 
rate at which the successive juilsations of the ray succeed one another, 
and in the colour and refrangibility which are directly depoi dent on 
that rate. That the ultra-violet part of the solar spectrum extended 
at least as far above the line H as F is below it, has been known 
since the time of Wollaston, who observed its effect in blackening 
silver salts ; but it is only about t\\ enty years since Stokes made 
known to us the great length and intensity of the ultra-violet 
spectrum of the electric spark. Stokes used his own invention, a 
fluorescent screen, for observing the rays; and at the very time 
when Stokes published his discovery, W. A. Miller published photo- 
graphs of the Bjicctra of sparks taken between various metallic 
electrodes. Both these metliods, that of fluorescent screens and that 
of photography, have been used by Professor Dewar and mo in our 
resi archos. For the method of fluorescence we have used a modiflea- 
tion of Soret’s eye-piece, substituting for the uranium glass-plate a 
wedge-shaped vessel full of a solution of acscubno, placed with 
its edge horizontal so that we look down on the fluorescent liquid. 
The wedge form of the vessel has the advantage of refracting out of 
the lino of vision all the rays except those which produce fluorescence. 
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PLATE 


a matter of no small importance when faint light is to bo observed 
(see Fig. Ih 

Now, althoiigli tho intensity of tho fliin’s rays falls away lapidly 
beyond the Fruunliofor line U, and conies to notliing about as far 
above H as F is below it, it is far otlieiniso with tho radiation of 

our triTtstrial olein<*nts when 
Inatdl up ill the dt' rie spnik 
or are, or even in souit eases in 
\ flames; some of those oh nienl 

\ which we know to be almnd.* ^ 

\ in tlio sun, such as mm md 

V \ magnesium. e\hil it Ilnur most 

\ \ intemso radiation, tb( ir strongot 

\ \ and most perMstiiit » ys, in the 

\ ultia-vhdet ngioii, in waves 

\ ^ wliich sueei'ed mn' aiintbor at tlio 

\ sbiudost 1 liter valh. liuh nl tlin^e 

V'"" *nt tills so readily take up et rtain 

satUTioM or ultra-violet vibrations, that wbeii 

^sculin£ theio is mueb metal in the arc, 

ULL^m and it is contiind in a crueiblo 

*^plTtV niagiK sia, tln'y otttii 

give tbeir ebaraeteiisl le lints 
strongly reversed, daik absorp- 
tion-bands being product <1 by the 
slightly cooled \ap«Air wliieli is 
outside the are. This is s< en in 
• the jihologiaphie plate Nos. 1 

to I). Xt>. 2 show’s the strong(*st 
magiKsium lino, in a ri'gioii 
beyond the limit of the stdar 
speetium, at wave length 2H52, 
ixpaiuled and reversed. No. 1 
shows it enormously expanded, its 
bright w'lrigs u versing iron lines 
up to S. No. 13 show's a strong 
gioup of iron lines, still more 
refrangible, also expand(‘d and 
reversed by putting iron wire into the arc. ^rbe dark bands in 
tho photograph are due to absorption by tho metallic vajiour, and in 
their places strong bright lines appear wlum Icns metal is^ireseiit. 
The spectrum iron is of all metals the most complieatc'd, and 
those of tho other elcmoiits which arc most cdosely relate4 
in chemical characters corno next to it in tho number add com- 
plication of their ultra-violet linos. Manganese and chromium are 
especially remarkable for showing many groups of closely-*'t lines. 
No. 2 shows a group of chromium lines between tho solar lines 8 and U. 
It is probably not without signiflcauco tliat this group of olomouts 
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which exhibit the greatest variety in their chemical relations, and 
produce combinations of the greatest number of types, and tho most 
complicated spectra, are also those which produce the most highly- 
(Mdoured compounds. Ju marked contrast to the thick-set ranks of 
iron, mangaiioRO, and chromium lines, are the few scattered rays 
cxliibitod by those metals which form tlieir combinations each chiefly 
on a single types sucli as aluminium, and tlie alkali and alkaline earth 
metals. These spectra are probably evtui simpler than at first sight 
they seem to bo. That of lithium is tlic simplest (Plate II. % 3): 
a scries of siiighi lines succeeding one another at decreasing intervals, 
and with diniiiiisliing intensity, closely resernbling in these resjiocts 
the spectrum of liydrogen. In the case of hydrogen, we know that 
tlie oscillation frequeneit‘S of some of its rays are related in a simple 
Jiarmoiiie ratio. We are not able t<» say that tlie rL'lation is so simple 
in the ease of lithium ; but still tbo whole series are prob^^bly over- 
toncjs of a fundamental vibratitjii, not so simply related as the harnio- 
nicH of a uniform stretched string, but, like the overtones of u string 
wlihdi is not of uniform thickness, or is loaded at diftVrent points, 
similarly icluted in origin, though not exact harmonics. That tho 
difl(‘rent rays are in many eases so related as overtones of a fundamental 
vibnition appears more' plainly, perhaps, whtui not single lines but 
groups t»f two, three, or four lines recur. Potassium shows a series of 
pairs to which the well-known violet pair, and perhaps that in the red 
also, belong. Calcium, magu(*siuin, and zinc, eacli show a series of 
trijdets, wbieli are alternately sharply defined and ditfuse (see photo- 
gra[)bK 1 and f) and Plate 11. figs. 5 and 0). In other cases tho same 
characters may be traced, thoiigli less readily, because there is some- 
times more tliaii one sueli series of lines or groups. The alkali metals 
have each one such serii's in the visible sjieetrnin, and another in the 
ultra-violet. It may ha])peii in otlier cases that two or more such 
series overlap, and it may then be very dilHeult to distinguish and 
separate them. 

In Muno cases elements show at a lower temperature a far more 
complicated spectrum than they do at higher temporatuios further 
removed from their points of liquefaction. This has been observed 
by lloscoe and Scliuster in the ease of tlio alkali mehils potassium and 
sodium, whicli give at tomporatures only a little above their boiling- 
points absorption spectra wliich consist of closely-set fine lines, pro- 
ducing an appearance of shaded bands quite unlike tlieir emission 
spectra at higher temperatures. In some few cases we have observed 
similar “ fluted ” or “ Venetian blind ” spectra, as they have been 
called, in the ultra-violet, as, for example, ouc produced by tin; 
but iu general the temperature of tho arc, which we have chiefly 
used iu our observations on metals, is high enough to carry tlie 
metals beyond the stage in which their vibrations are constrained by 
the state approaching to liqu< ‘faction. 

But though metals do not often show spectra of this class at 
the high temperature of tho arc, it is otherwise with metalloids and 
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with compounds. Nitrogen gives in the arc as well as in the spark 
a channelled spectrum of singular beauty, extending with but short 
breaks almost to the extremity of the ultra-violet region which we have 
examined. (See photograph 7.) These multitudinous lines of nitrogen 
constantly present in the arc taken in air, help to make the problem 
of unravelling the spectrum of the arc, and assigning each line to its 
proper source, far more difficult than it might at first sight be supposed. 
Carbon, which in the arc frequently gives a channelled spectrum in 
the visible region, gives only a limited number of lines in the ultra- 
violet; but cyanogen gives one set of flutings near the line L, and 
another near N, which are so brilliant in the arc as to obscure the 
metallic lines in their neighbourhood (photograph 4). To the same 
class we may refer the spectrum of water, of which the most brilliant 
portion is given in photograph 6. 

The series of lines produced by the same element, which I have 
spoken of as overtones of a fundamental vibration, have been likened 
to these channellings, but in reality they are very different. In the 
series, which I have supposed to have a sort of harmonic relation, the 
successive lines or groups of lines invariably become nearer to ouo 
another as the wave-lengths become shorter, and at the same time 
they diminish in strength and sharpness ; whereas in the channelled 
spectra the strongest lines are at the end where they are most closely 
set, and they generally diminish in strength as they get further apart. 
Also increase of distance between the lines of channelled spectra is 
sometimes towards the less, sometimes towards the more, refrangible 
end of the spectrum. 

1 have before observed that a great part of the ultra-violet spectra 
of the elements which we have ob^rved lies entirely beyond the limit 
of the solar sjiectruni ; that limit is the line U at wave-length 2947. 
But though thiB is the limit of the solar radiation which reaches us 
on the earth, we can hardly suppose that the sun itself, or the photo- 
sphere, emits no radiation of shorter wave-length. We know that 
there is plenty of iron and magnesium in the sun, and the strongest 
radiations at high tcmpeiatures of these elements are of shoiter 
wave-length than U. M(»rcover, the continuous spectra of incan- 
descent solids in many cobcs extend far beyond U. The continuous 
spectrum of burning magnesium reaches quite up to the wave-length 
2380, that of the flame of carbon disulphide mixed with hydrogen 
and fed with oxygen reaches even further, that of lime heated with 
an oxyhydrogen blowpipe, though feeble beyond the limit of the 
solar spectrum, extends uj) to wave-length 2680. The i^Dinpcra- 
ture of the sun cannot be less than that of any of these sources 
of heat, so that^wc are lorced to suppose that the radiatidn, more 
refrangible than U, which leaves the body of the sun, is stopped 
somewhere either in our atmosphere, or in planetary 8])aoe, or in 
the atmosphere of the sun himself. Now Cornu has found that 
when the thickness of our atmosphere traversed by the sun’s rays 
is diminished os much as possible by taking the sun at its greatest 
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altitude, and making tlie observation from an elevated station (the 
Biffelberg), the solar spectrum only reaches to wave-length 2932, 
that is, only a very trifle beyond U. We must therefore buppose that 
the absorbent substance, whatever it bo, is not in our atmosphere. 
The same reason will lead us to reject the notion that the absorption 
can be due to matter in planetary space, for it is not easy to suppose 
that the gases which pervade that space in extreme tenuity can differ 
much from those in our atmosphere, because the earth in its annual 
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No. 1. Solar spcctruin. 
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No. 3. Lime li^ht. 

No. 4. Carbon disulphide and hydrogen fame. 
No, 5. Magnesium fame. 


course must pick them up whatever they are, and they must then 
diffuse into our atmosphere, and we must in time have them in a more 
condensed state in our atmosphere than in plane tetry space. The 
absorbent is therefore probably neither in our atmosphere nor 111 
planetary space, and we must look tor it in the solar atmosphere. 
When W 6 notice how much of the radiation of our terrestrial elements 
is of shorter wave-length than the solar line U, we might almost fancy 
that the blotting out of the sun’s light beyond that point is simply 
due to an increase in the number and breadth of the Fraunhofer lines. 
Indeed wo have frequently observed the strong magnesium lino, wave- 
length 2852, expanded so that the dark absorption band in its middle 
reached quite up to U on one side (see photograph No. 1) and equally 
far on the other side, and this, together with such expansion of the 
strong iron lines beyond as wo have occasionally observed, would go a 
long way towards completely hiding all light aLvt've U. But such expan- 
sions of iron and magnesium lines, high in the scale of refrangibility, 
do not occur without a considerable expansion of the lines of the same 
elements lower in the scale, expansions far exceeding what wo actually 
observe in the Fraunhofer linos. Moreover the Fraunhofer lines, though 
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dark by comparison with tho brightm ss of the photospliere, are them- 
selves luminous, even bright, when there is no other still brighter light 
wherewith to contrast them, so that if there were no other absorbent 
action the solar spectrum would be continued by tlio emittcrl rays of 
the metallic vapours which produce those lines. Probably thou tho 
absorbent is something at a lower temperature, higher in the solar 
atmosphere. A change of temperature may, and in some eases certainly 
does imjdy such a change of state that there may be a corres])onding 
change in the particular vibration'> which can bo most easily taken up. 

The metals in the liquid and solid states are so very opaque that 
we should hardly bo able to discern their absorption spectra ; never- 
theless in very thin films they are translucent in difien iP (h groos. 
Gold leaf, as is well-known, transmits a green light, and we have 
found that a thin film of gold chemic'illy de 2 )osited on a plate of quartz 
is fairly transparent for all the ultra-violet rays, so that its selective 
absorption is almost wholly of the less refmngiblc rays. Silver de- 
posited in a similar way prodiici s a very difierent clfi ct. It is almost 
wholly opaque, except for one rather narrow baud which begins a little 
below the solar hue P and extends with diminishing transparency to 
about S- Cornu has before noticed this proixnty of silver, but plaei d 
the transparent band at wave-length 270 instead of 31^0. Dr. W. A. 
Miller had observed that tlio light reflected by g(dd is 0(1111111^ dis- 
tributed all through tho ultra-violet, but fi^eblor than that riil('(‘ted 
by other metals ; while that r( tloeted by silver is elmracterisi d by 
giving a sudden cessation of the j>hutogiaphic image for a eirtain 
distance. These chiiractcrs of the rellected rays lie atUa butt'd to 
absorption by the metal. 

When we examine the absorjition produced by the haloid eleineuta, 
we find that chlorine absoibs a wide band in tho iibia-violet with its 
centre near the solar line P, extending, wlicn the elilorino is in small 
quantity, from N to T, increasing in width on botli sidi's when tho 
quantity of chlorine is increased, but still leaving tlio r.iys above wave- 
length 2550 uuabsorbed. 

Bromine vapoiu* shows an absorption hand which begins in tho 
visible spectrum, and extends, when tho bromino is in small quantity, 
up to L, and when the bromino is in greater quantity uj> to P. From 
that point, up to about wave-length 2500, tho vap<jur is transparent, 
but beyond it is again absorbent, the absorption increasing gradually 
with the refrangibility of the rays. 

Imline vapour, when thin, is transparent for ultra-violet rays, but 
produces strong absorption in the violet region. With thicker vapour 
this absorption extends nearly to H, but the vapour is still trau^arent 
for rays more refrangible than H. 

Lecoq de Boishaudran has observed that in tho spectra of similar 
elements wc may trace a shifting of similar lines, or gi’oups oi lines, 
towards the less refrangible side ns tho atomic weight is in creased. 
Thus the violet pair of lines given by potassium is represented by an 
indigo pair in the case of rubidium, and a blue pair in tho case of 
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caBsium ; and the indigo line of calcium is represented by a blue line 
in the spectrum of strontium, and by a green line in the spectrum of 
barium. 

We may observe something of the same kind in regard to the 
haloid elements : the absorption band which in the case of the element 
of lowest atomic weight, namely chlorine, is altogether ultra-violet, is 
shifted towards the less refrangible side in the case of bromine, and 
lies altogether in the visible region in the case of iodine, the element 
of highest atomic weight. 
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It is remarkable that bromine in the liquid state and ioiliuc in 
solution show absorptions quite different from those of their vapours. 
A thin lilm of liquid bromine between two quartz plates is transparent 
for a band which ends just where the transparency of the vapour 
begins, while tiio film is opaque for rays both above and below this 
band. Iodine dissolved in carbon disulphide is also transparent for a 
certain distance, but the band is shifted to a less refrangible region 
lying between G and II. 

Compound gases and vapours show, as might be expected, various 
absorptions of ultra-violet rays. The absorbent action of coal-gas 
begins at about the wave-length 2680, and above 2580 it is nearly 
complete. Sulphurous acid has an absorption band extending from 
about II (3179) to rays of w^ave-length 2630, with a weaker absorption 
extending some way beyond these limits on both sides. Sulphuretted 
hydrogen produces a pretty complete obliteration of all rays above 
wave-length 2580. Vapour of carbon disulphide in very small quantity 
produces an absorption extending from P to T, shading away at each 
end. With more vapour this baud widens, and a second absorption 
band begins at about the wavedeugth 2580. Chlorine peroxide gives 
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a suooesfiion of nine shaded bands at nearly equal intervals between 
M aod S, while in the highest regions of the spootrum it seems to bo 
quite transparent. 

I mentioned at fche outset the pri^bable connection between the 
intensity of the solar radiation and the sensitiveness of our eyes to 
rays of different colours. The consideration of ultra-violet absorption 
spectra leads to the mention of another fact connected with vision, or 
rather with the construction of the eyes of the higher animals. Soret 
has investigated, and recently Chardonnet has more fully examined, 
the limits of transparency of the crystalline, cornea, and vitreous 
humour of the eyes of various animals and man, and found them all 
more or less tninsparent for ultra-violet rays. The limit of trans- 
parency in many cases approaches, but never exceeds, the limit of the 
solar spectrum. Chardonnet places the limit of transparency of the 
crystalline of the human eye as low as M, which is not consistent 
with the observations of Herscbel and Helmholtz before mentioned, 
but this inconsistency is probably due to alterations which had taken 
place after death in the eyes experimented on by Chardonnet, That 
the transparency of the materials of the eye does not extend beyond 
the solar line U, Chardonnet regards as a provision of nature to 
protect the retina from the extreme radiations of artificial lights ; but 
I venture to offer a different explanation, which is, that the selection 
of the materials of the eye has been determined not by what they 
will absorb but by what th(»y will transmit. If the materials in 
question were in any great degree opaque to the ultra-violet solar 
rays, these rays must be absorbed and must either bo used igi, heating 
the absorbent or do work upon it in some form, perhaps alter it 
chemically, and so impair its efficiency as part of an optical instru- 
ment. 1 see, then, in tho selection of these materials for our eyes 
an instance, one amongst many, of tho marvellous adaptation of our 
organisation to the natural, rather than to the artificial surroundings 
in which we are placed. [G. D. L.] 

DESCRIPTION OF THE PLATES. 

In the photographic plate 

No. 1 flhowfl I'n expansion of the rnagnesium line at wave-length 285*2, while 
it is also BO atroog j reverfiod as to produce a contpleto obliteration of all the lines 
above U within tne range of the phutograpli, while its bright wing reverses the 
iron lines near T. 

No. 2 shows the same line at b mnch less expanded but still self-reversing. 
The lines at a are also magnesium lines, wave-lengths 2705 and 2801. Most of 
the lines between b and S are chromium lineeL ; 

No. 3 shows iron lines reversed by putting iron wire into tho arc. * 

No. 4 shows calcium lines in recurring triplets ; also the cyanogen bands 
between K and M and at N, ] 

No. 5 shows three of the zinc triplets. 1 

No. 6 is the brightest part of the ultra violet spectrum of water. 

No. 7 shows part of the channelled spectrum of nitrogen in the ultra violet. 

The lithographic plate gives the porition of the ultra violet linos of several 
metals to a s^le of wave lengths. 






5, Calcium 









Friday, March 16, 1883. 

William Bowman, Esq. LL.D. P.E.S. Honorary Secretary and 
Vice-President, in the Chair. 

Pbofsssob Tyndall, D.C.L. F.B.S. M.BJ. 

Thoughts on Badiaiion, Theoretical and Practical, 

Scientific discoveries are not distributed uniformly in time. They 
appear rather in periodic groups. Thus, in the tv^ro first years of this 
century, among other gifts presented by men of science to the world, 
we have the Voltaic pile; the principle of Interference, which is 
the basis of the undulatory theory of light ; and the discovery by 
William Herschol of the dark rays of the sun. 

Directly or indirectly, this latter discovery heralded a period of 
active research on the subject of radiation. Leslie’s celebrated work 
on the Nature of Heat was published in 1804, but he informs us, in 
the preface, that the leading facts which gave rise to the publication 
presented themselves in the spring of 1801. An interestin^but not 
uncommon psychological experience is glanced at in this preface. 
The inconvenience of what we call ecstacy, or exaltation, is that it is 
usually attended by undesirable compensations. Its action resembles 
that of a tidal river, sometimes advancing and filling the shores of 
life, but afterwards retreating and leaving unlovely banks behind. 
Leriie, when he began his work, describes himself as transported at 
the prospect of a new world emerging to view.” But further on the 
note changes, and before the preface ends he warns the reader that ho 
may expect variety of tone, and perhaps defect of unity in his disqui- 
sition. The execution of the work, he says, proceed^ with extreme 
tardiness ; and as the charm of novelty wore off, he began to look 
upon his production with a coolness not usual in authors. 

The ebb of the tide, however, was but transient ; and to Leslie’s 
ardour, industry, and experimental skill, we are indebted for a large 
body of knowledge in regard to the phenomena of radiation. In the 
prosecution of his researches he had to rely upon himself. He devised 
his own apparatus, and applied it in his own way. To proauce 
radiating surfaces, he employed metallic cubes, which to the present 
hour are known as Leslie’s cubes. The different faces of these etbes 
ho coated with different substances, and filling the cubes with boiling 
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\7ater, he determined the emissive powers of the substances thus 
heated. These he found to differ greatly from each other. Thus, the 
radiation from a coating of lampblack being called 100, that from the 
uncoated metallic surface of his cube was only 12. Ho pointed out 
the reciprocity existing between radiation and absorption, proving 
that those substances which omit heat copiously absorb it greedily. 
His thermoscopic instrument was the well-known differential-ther- 
mometer invented by himself. In experiment Leslie was very strong, 
but in theory he was not so strong. His notions as to the nature of 
the agent whose phenomena he investigated with so much ability are 
c«)nfuscd and incorrect. Indeed, he could liardly have formed any 
clear notion of the physical meaning of radiation before the undula- 
tory theory of light, which was then on its trial, had been established. 

A figure still more remarkable than Leslie occupied the scientific 
stage at the same time, namely, the vigorous, original, and practical 
Benjamin Thompson, better known as Count Eumford, the originator 
of the Royal Institution. Eumford traversed a groat portion of the 
ground occupied by Leslie, and obtained many of his results. As 
regards priority of publication, ho was obviously discontented with 
the course win c**!!* (Lings had taken, and he endeavoured to place both 
himself and Leslie in what he supposed to be their riglit relation to 
the subject of radiant heat. The two investigators were unknown to each 
other personally, and their differences never rose to scientific strife. 
There can hardly, 1 think, bo a doubt that o ich of them worked inde- 
pendently of the other, and that where their labours overlap, the 
honour of discovery belongs equally to both. 

The results of Leslie and Eumford were obtained in the laboratory ; 
but the walls of a laboratory do not constitute the boundary of its 
results. Nature’s hand specimens are always fair samples, and if 
tlie experiments of the laboratory bo only true, they will bo ratified 
throughout the universe. The results of Leslie and Eumford w'cro in 
duo time carried from the cabinet of the experimenter to the open sky 
by Dr. Wells, a practising London physician. And here let it be 
gratefully acknowledged that vast services to physics have boon 
rendered by physicians. The penetration of Wells is signalised 
among other things by the fact recorded by the late Mr. Darwin, that 
forty-five years before the publication of the ‘ Origin of Species,’ the 
London doctor had distinctly recognised the principle of Natural 
Selection, and that he w'as the first to recognise it. But Wells is 
principally known to us through his ‘ Theory of Dow,’ which, 
prompted by the experiments of Leslie and Eumford, and worked 
out by the most refined and conclusive observations on the part 
of Wells himself, first revealed the cause of this beautiful phe- 
nomenon. Wells knew that through the body of our atmosphere 
invisible aqueous vapour is everywhere diffused. He proved that 
grasses and other bodies on which dew was deposited were powerful 
emitters of radiant boat ; that when nothing existed in the air to stop 
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their radiation, they became solf-chillod ; and that while thus chilled 
they condensed into dew the aqueous vapour of the air around them. I 
do not suppose that any theory of importance ever escaped the ordeal 
of assail ’t on its first enunciation. The theory of Wells was thus 
assailed ; but it has proved immovable, and will continue so to the 
end of time. 

The interaction of scientific workers causes the growth of scionco 
to resemble that of an organism. From Faraday’s tiny magneto- 
electric spark, shown in this theatre half a century ago, has sprung 
the enormous practical development of electricity at the present time. 
Thomas Seebock in 1822 discovered thermo-electricity, and eight 
years subsequently bars of bismuth and antimony were first soldered 
together by Nobili so as to form a thermo-electric pile. In the self- 
same year Melloni perfected the instrument and proved its applica- 
bility to the investigation of radiant heat. The instrumental appli- 
ances of science have been well described as extensions of the senses 
of man. Thus the invention of the thermopile vastly augmented our 
powi‘rs over the phenomena of radiation. Melloni added immensely to 
our knowdedge of the transmission of radiant heat through liquids and 
solids. His results appeared at first so novel and unex])ot*tcd that 
they excited scepticism. He waited long in vain for a favourable 
Report from the Academicians of Paris ; and finally, in despair of 
obtaining it, he published his results in the Annales do Chimic. 
Here they came to the knowledge of Faraday, who, struck by their 
originality, brought them under the notice of the Royal Society, and 
obtained for Melloni the Rumford medal. The medal was accom- 
panied by a sum of money from the Rumford fund ; and this, at the time, 
was of the utmost importance to the young political exile, rl^uced as 
he was to penury in Paris. From that time until his death, Melloni 
was ranked as the foremost investigator in the domain of radiant heat. 

As regards the philosophy of the thermopile, and its relation to 
the great doctrine of the conservation of energy, now everywhere 
accepted, a step of singular significance was taken by Peltier in 1884. 
Up to that time it had been taken for granted that the action of an 
electric current upon a conductor through which it passed, was always to 
generate heat. Peltier, however, proved that, under certain circum- 
stances, the electric current generated cold. He soldered together a 
bar of antimony and a bar of bismuth, end to end, thus forming of 
the two metals one continuous bar. Sending a current through this 
bar, he found that when it passed from antimony to bismuth across the 
junction, heat was always there developed, whereas when the direction 
of the current was from bismuth to antimony, there was a development 
of cold. By placing a drop of chilled water upon the junction 0f the 
two metals, Lc nz subsequently congealed the water to ice b^ the 
passage of the current. 

The source of power in the thermopile is hero revealed, (|nd a 
relation of the utmost importance is established between heat and 
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electricity. Heat is shown to be the nutriment of the electric 
current. When one face of a thermopile is wanned, the current pro- 
duced, which is always from bismuth to antimony, is simply heat 
consumed and transmuted into electricity. 

Long before the death of Melloni, what the Gormans call “ Die 
Identitiits Frago,*’ that is to say, tlio question of the identity of light 
and radiant heat, agitated men’s minds and spurred their inquiries. 
In the world of science people ditfer from each other in wisdom ai\d 
penetration, and a now theoretic truth has always at first the minority 
on its side. But time, holding incessantly up to the gaze of inquirers 
the unalterable pattern of nature, gradually stamps that pattern on 
the human mind. For twenty years Henry Brougham was able to 
quench the light of Thomas Young, and to retard, in like proportion, 
the diffusion of correct notions regarding the nature and propagation 
of nidiant heat. But such opposing forces are, in the cqd, driven 
in, and the uiidulatory theory of light being once established, soon 
made room for the undulatory theory of radiant heat. It was 
shown by degrees that every purely physical effect manifested 
by light witeij equally manifested by the invisible form of radiation. 
Rellection, refraction, double refraction, polarization, magnetization, 
were all proved true of radiant heat, just as certainly as they had 
been proved true of light. It was at length clearly realised that 
radiant heat, like light, was propagatc^d in waves through that 
wondrous lumiuiterons medium which fills nil space, the only real 
difference between them being a difference in the length and frequency 
of the ethereal waves. Light, as a sensation, was seen to be produced 
by a particular kind of radiant beat, which possessed the power of 
exciting the retina. 

And now wo approach a deeper and more subtle portion of our 
subject. What, wo have to ask, is the origin of the ether waves, 
some of which constitute light, and all of which constitute radiant 
heat? Tlie answer to this question is that the waves have their origin 
in the vibrations of the ultimate particles of bodies. But we must 
bo more strict iu our definition of ultimate particles. The 
ultimate particle of water, for example, is a molecule. If you go 
beyond this molecule and decompose it, the result is no longer water, 
but the discrete atoms of oxygen and hydrogen. The molecule of 
water consists of three such atoms tightly held together, but still 
capable of individual vibration. The question now arises : Is it the 
molecules vibrating as wholes, or the shivering atoms of the mole- 
cules that are to bo considered as the real sources of the ether waves ? 
As long as we were confined to the experiments of Leslie, Bumford, 
and Melloni, it was difficult to answer this question. But when it 
was discovered that gases and vapours possessf^ — in some cases to an 
astonishing extent — the power both of absorbing and radiating heat, a 
new light was thrown upon the question. 
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Yon know that the theory of gases and vapours, now gonorally 
accepted, is that they consist of molecular (»r atomic projectiles 
darting to and fro, clashing and recoiling, endowed, in short, with 
a motion not of vibration but of translation. When two molecules 
clash, or when a single molecule strikers against its boundary, the 
first eflfect is to deform the molecule, by moving its atoms out of 
their places. But gifted as they are with enormous resiliency, tho 
atoms immediately recover their positions, and continue to quiver in 
consequence of the shock. Held tightly by the force of affinity, tliey 
resemble a string stretched to almost infinite tension, and ther(*foro 
capable of generating tremors of almost infinite rapidity. What 
we call the heat of a gas is made up of these two motions —tho 
flight of the molecules through space, and the quivering of their 
constituent atoms. Thus docs the eye of science pierce to what 
Newton calhd “the more secret and noble works of Nature,” and 
make us at home amid the mysteries of a world lying in all })ro- 
bability vastly further beyond tho range of tho microscope than 
tho range of the microscope, at its maximum, lies beyond that of 
the unaided eye. 

Tho great principle of radiation, which affirms that all bodies 
absorb the same rays that they emit, is now a familiar one. When, 
for example, a beam of white light is sent through a yellow sodium 
flame, produced by a copious supply of sodium vapour, the yellow 
constituent of the white beam is stopped by tho yellow flame, and if 
the beam bo subsequently analysed by a i)ri8m, a black band is found 
in tho place of tho intercepted yellow’ band of the spectrum. Wo 
have been led, as you know, to our present theoretic knowledge of light 
by a close study of the phenomena of sound, which in the present 
instance will help us to a conception of the action of tho sodium flame. 
Tho atoms of sodium vfitpour synchronize in their vibrations with 
the particular waves of ether which produce tho sensation of yellow 
light. The vapour, therefore, can take up or absorb tho motion of 
those waves, as a stretched piano-string takes up or absorbs the pulses 
of a voice pitched to the note of the string. I will now show you tho 
action of sodium vapour, in a way and with a result which startled 
and perplexed me on first making tho experiment, more than twenty 
years ago. You know that the spectra of incandescent metallic 
vapours are not continuous, but formed of brilliant bands. 1 wished, 
in 1861, to obtain tho brilliant yellow band produced by incandescent 
sodium vapour. To this end, 1 placed a bit of sodium in a carbon 
crucible, and volatilized it by a powerful voltaic current. A feeble 
spectrum overspread the screen, from which 1 thought the sodium 
band would stand out with dominant brilliancy. To my surprise, at 
the very point where I expected this brilliant band to appear, a bfind 
of darkness took its place. By humouring the voltaic arc a little, tho 
darkness vanished, and in the end 1 obtained the bright band which 
1 had sought at the beginning. On reflection the cause was manifest 
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The first ignition of the sodium was accompanied by the development 
of a large amount of sodium vapour, which spread outwards and sur- 
rounded, as a cool envelope, the core of intensely heated vapour 
inside. By the cool vapour the rays from the hot were inter- 
cepted, but on lengthening the arc the outer vapour in great part was 
dispersed, and the rays passed to the screen. This relation as to 
temperature was necessary to the production of the black band ; for 
were the outside vapour as hot as the inside, it would, by its own 
radiation, make good the light absorbed. 

An extremely beautiful experiment of this kind was made here last 
week by Professor Liveing, with rays which, under ordinary cir- 
cumstances, are entirely invisible. Professor Dewar and Professor 
Liveing have been long working with conspicuous success at the 
ultra-violet spectrum, and with Professor Dewar’s aid I will now show 
you this spectrum, as it was shown last week by Professor Liveing. 
Using prisms and lenses of a certain kind, and a powerful dynamo 
machine to volatilize our metals, we cast a spectrum upon thf screen. 
You notice the terminal violet of this spectrum. Far beyond that 
violet, waves are now impinging upon the screen, which have no 
sensible effect fip' n the organ of vision ; they constitute what we call 
the ultra-violet spectrum. Professor Stokes has taught us how to 
render this invisible spectrum visible, and it is by a skilful applica- 
tion of Stokes’ discovery that Liveing and Dewar bring the hidden 
spectrum out with wondrous strength and beauty. 

You notice liere a small second screen, which can be moved into the 
ultra-violet region. Felt by the hand, the surfixee of this screen re- 
sembles sandpaper, being covered with powdered uranium glass, a 
highly fluorescent body. Pushing the moveable screen towards the 
visible spectrum, at a distance of three or four feet beyond 
the violet, light begins to appear. On pushing in the screen, the 
whole ultra-violet spectrum falls upon it, and is rendered visible 
from beginning to end. The spectrum is not continuous, but com- 
posed for the most part of luminous bands derived from the white- 
hot crucible in which the metals are to be converted into vapour. 
I beg of you to direct your attention on one of these bands in par- 
ticular. Hero it is, of fair luminous intensity. My object now is to 
show you the reversal, as it is called, of that band which belongs 
to the vapour of magnesium, exactly as 1 showed you a moment 
ago the reversal of the sodium band. An assistant will throw a bit 
of magnesium into the crucible, and you are to observe what first 
takes place. The action is rapid, so that you will have to fix your 
eyes upon this particular strip of light. On throwing in the mag- 
nesium, the luminous band belonging to its vapour is cut away, 
and you have, for a second or so, a dark band in its place. I repeat 
the experiment three or four times in succession, with the some 
unfailing result. Here, as in the case of the sodium, the mag- 
nesium surrounded itself for a moment by a cool envelope of its own 
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vapour, which out off the radiation from within, and thus produced 
the darkness. 

And now let us pass on to an apparently different, but to a really 
similar result. Here is a feebly luminous flame, which you know to 
be that of hydrogen, the product of combustion being water vapour. 
Here is another flamo of a rich blue colour, which the chemists 
present know to bo the flame of carbonic oxide, the product of com- 
bustion being carbonic acid. Let the hydrogen flame radiate through 
a column of ordinary carbonic acid — the gas proves highly transparent 
to the radiation. Send the rays from the carbonic oxide flamo through 
the same column of carbonic acid — the gas proves powerfully opaque. 
Why is this ? Simply because the radiant, in the case of the carbonic 
oxide flame, is hot carbonic acid, the rays from which are quenched 
by the cold acid exactly as the rays from the intensely heated sodium 
vapour were quenched a moment ago by the cooler envelope which 
surrounded it. Bear in mind the case is always one of synchronism. 
It is because the atoms of the cold acid vibrato with the same fre- 
quency as the atoms of the hot, that the pulses sent forth from the 
latter are absorbed. 

Newton, though probably not with our present precision, had formed 
a conception similar to that of molecules and their constituent atoms. 
The former he called corpuscles, which, as Sir John Hoi*schel says, 
ho regarded as divisible groups of atoms of yet more delicate kind.*' 
The molecules ho thought might bo seen if microscopes could bo 
caused to magnify three or four thousand times. But with regard to 
the atoms, he made the remark already alluded to : — “ It fioems im- 
possible to see the more secret and nobler works of nature within the 
corpuscles, by reason of their tninsparency.'* 

I have now to ask your attention to an illustration intciuled to 
show hgw radiant heat fliay be made to play to the mind’s eye the part 
of the microscope, in revealing to us something of the mciro secret and 
noble works of atomic nature. Chemists arc ever on the alert to 
notice analogies and resemblances in the atomic structures of dillerent 
bodies. They long ago pointed out that a resemblance exists between 
that evil-smelling liquid, bisulphide of carbon, and carbonic acid. In 
the latter substance, we have one atom of carbf)n united to two of 
oxygen, while in the former we have one atom of carbon united to two 
of sulphiu*. Attempts have been made to push the analogy still 
further by the discovery of a compound of carbon and sulphur which 
should bo analogous to carbonic oxide, where the proportions, instead 
of one to two, are one to one, but hitherto, I believe, without success. 
Let us now see whether a little physical light cannot reveal an 
analogy between carbonic acid and bisulphide of carbon more occult 
than any hitherto pointed out. For all ordinary sources of ra|diant 
heat the bisulphide, both in the liquid and vaporous form, is tho most 
transparent, or diathermanous, of bodies. It transmits, for example, 
i)0 per cent, of the radiation from our hydrogen flame, 10 per cent. 
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only being absorbed. But when we make the carbonic oxide flamo 
our source of rays, the bisulphide shows itself to bo a body of extreme 
opacity. The transmissive power falls from 90 to about 25 per cent., 
76 per cent, of the radiation being absorbed. To the radiation from 
the carbonic oxide flame the bisulphide behaves like the carbonic acid. 
In other words, the group of atoms constituting the molecule of the 
bisulphide vibrate in the same periods as those of the atoms which 
constitute the molecule of the carbonic acid. And thus wo have 
established a new, subtle, but most certain resemblance between these 
two substances. The time may come when chemists will make more 
use than tlioy have hitherto done of radiant heat as an explorer of 
molecular conditiem. 

Tlie term “ tliooretical radiation ” introduced into the title of this 
disc* urso is, I hope, thus justified. The conception of these quivering 
atoms is a theoretic conception, but it is one which gives us a powerful 
grasp of the facts, and enables us to realise mentally the mechanism 
on whicli riidiation and absorption depend. We will turn in a moment 
to what I have called practical “ radiation.” It is pretty well known 
that for a long series of years 1 conducted an amicable controversy with 
one of tbo iv.osb eminent experimenters of our time, as regards the 
action of tbo eartli’s atmospliero on solar and b'rrcstrial radiation. My 
contention was that th<i groat body of our atniospLero — its oxygen and 
uitr<»gcn — bad but little clleot upon either the rays of th(^ sun coming 
to ii*^, or the rays of tbo earth darting away from us into space, but 
that mixed witli the body of our air tlicu’c was an attenuated and 
ai>])ar('nlly trivial c<uistitnent which exereis(‘d a most inoineutous 
ii'fiuenoc. Tliat body, as many of you know, is aqueous va2)our, the 
amount of which docs not (‘xcccd 1 ])cr cent, of tlio whole atmosiibcre. 
Miuuie, however, as its (quantity is, tlic life of our planet dciiends uiiou 
that va^iour. Without it, in the first place, the clouds could droj) no 
fatness. In this sense the, necessity for its jiroseneo is obvious to all. 
But it acts in another sense, as a preserver. Without it as a C(»vering, 
the eartli would soon bo reduced to the frigidity of deatli. Observers 
were, aud arc, slow to take in this fact, which nevc'i-tlich'ss is a fact, 
liowever improhahlo it may at first siglit appear. 'J'hc action vf aqueous 
vapour upon radiant heat has been established by irrefragable (^x^ieri- 
ments in the laborah)ry ; aud tlicse experiments, though not unopposed, 
have Ik^ou substantiated by some of tlio most aecoinplish(;d meteoro- 
logists of our day. 

I wislied mueli to instruct myself a little by actual observation on 
this sul)je(*t, umh'r the open sky, and ray first object was, to catch, if 
])ossible, states of the weather which would enable mo to bring 'my 
views to a practical t(‘st. Thanks to an individual who dev»‘tcs her 
life to taking care of mine, a little iron hut, embracing a single room, 
lias been placed for my benefit, iqion the wild moorland of 
Hind Head. From the plateau on which the hut stands, tluTO is a 
free outlook in all directions. Hero, amid the heather, I had two 
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stont poles fixed firmly in the ground eight feet asunder, and a stout 
cord stretched from one to the other. From the centre of this 
cord a thermometer is suspended with its bulb four feet above the 
ground. On the ground is placed a pad of cotton wool, and on this 
cotton wool a second thermometer, the object of the arrangement 
being to determine the difference of temperature between the two 
thermometera, which are only four feet vertically apart. 

Permit me at the outset to deal with the subject in a perfectly 
elementary way. In comparison with the cold of space, the earth 
must be regarded as a hot body, sending its rays, should nothing 
intercept them, across the atmosphere into space. The cotton wool 
is chosen because it is a powerful, though not the most powerful, 
radiator. It pours its heat freely into the atmosphere, and by reason 
of its flocculenco, which renders it a non-conductor, it is unable to 
derive from the earth heat which might atone for its loss. Imagine 
the cotton wool thus self-chilled. The air in immediate contact with 
it shares its chill, and the thermometer lying upon it partakes of the 
refrigeration. In calm weather the chilled air, because of its greater 
density, remains close to the earth’s surface, and in this way we 
sometimes obtain upon that surface a temperature considerably 
lower than that of the air a few feet above it. The experiments of 
Wilson, Six, and Wells have made us familiar with this result. 
On the other liand, the earth’s surface during tlie day receives 
from the sun more heat than it loses by its own radiation, so that 
when the sun is active, the temperature of the surface exceeds that of 
the air. 

Tlicse points will be best illustrated by describing the course of 
temperature for a day, beginning at sunrise and ending atT^O.20 p.m. 
on March 4. The observations are recorded in the annexed talilc, at 
the bead of which is named the place of observation, its elevation 
above the sea, and the state of the weather. The first column in the 
Table contains the times at which the two thermometers wore read. 
The column under “ Air ” gives the temperatures of tlie air, tlio column 
under “ Wool *’ gives the temperatures of the wool, while the fourth 
column gives the differences between the two toinperatures. It is 
seen at a glance that from sunrise to 9.20 a.m. tlio cotton wool is 
colder than the air ; at 9.30 the temperatures are alike. This is the 
hour of “ intersection,” which is immediately followed by “ inversion.” 
Throughout tlio day and up to 4 p.m. the wool is warmer than the air. 
At 4.5 P.M. tho temperatures are again alike ; wliilo from that 
point downwards tho loss by terrestrial radiation is in excess of 
the gain derived from all other sources, the refrigeration roacjiing a 
maximum at 7.30 p.m., when tho difference between the two t)bermo- 
meters amounted to 10^ Fahr. When the observations are coiitinued 
throughout tlio night, the greater cold of tho surface is found to bo 
maintained until sunrise, and for somc^ hours beyond it. Had the air 
been perfectly still during the observations, tho nocturnal chiDing of 
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the Burface would have been in this case greater ; for you can readily 
understand that even a light wind sweeping over the surface, and 
mixing the chilled with the warmer air, must seriously interfere with 
the refrigeration. 


Hind Head, Elevation, 830 feet. 

Course of Temperature, March 4tli, 1883. 

Sky cloudless. Hoar frost. Wind light fiom north-east. 


Time. 1 

Air. 

Wool. 


6.50 A.M. (sunrise) * 

o 

31 

o 

2,7 

1 

7. ‘20 , 

1 

‘244 

8 

7.40 

34 

1.7 

1 9 

8. .5 

3.7 

27 

8 

8. ‘20 

3.7 

30 

.7 

0.15 

40 

38 

2 

0.‘20 

41 

40 

1 

0.80 (intersection) 

‘‘i , 

•»' 

0 

0 40 (inversion) i 

1 41 

42 

! 1 

10.15 

1 '*-1 

4.7 

i 

1' ^ 

4f. 

.72 

7 

11.30 

47 

.75 

1 8 

1*2. n<K)n 

1 50 

58 

1 « 

1*2.30 r.M. 

1 .70 

59i 

1 

1. 

1 50 

574 

1 

‘2. 

49 

60’ 

‘ 11 

‘2,30 1 

48 

58 

> 10 

3. 

1 4!1 

1 .76, 

7 

3.30 

4S 

1 52 

' 4 

4. 

47 

1 

1 

4..‘» (intersection) 

47 

1 

0 

4.10 (in\ersion) 

47 

1 45 

o 

4.15 

47 

! 4.3 

4 

4.:u 

46 1 


.7 

7. 

3.7 1 

1 2.1 

9 

7.30 

35 j 

1 25 

10 

8-30 

34 

1 ‘244 

1 94 

0.40 

33 

1 24i 


10-20 

, 32 

1 24 

8 


Glacial wind from north-east. Stars very bright. 

Vitrious circumstances may contribute to lessen, or even abolish, 
the difference between the two thermometers. Haze, fog, cloud, rain, 
snow, are all known to be influential. These are visible impediments 
to the outflow of heat from the earth ; hut my position for some time 
has been that a very powerful obstacle to that outflow exists which 
is entirely invisible. The pure vapour of water, for example, is a 
gas as invisible as the air itself. It is everywhere diffused througli 
the air ; but, unlike the oxygen and nitrogen of the atmosphere, it is 
not constant in quantity. Wc have now to examine whether meteoro- 
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logical observations do not clearly indicate its influence on terrestrial 
radiation. 

With a view to this examination, I will choose a scries of observa- 
tions made during the afternoon and evening of a day of extraordinary 
calmness and serenity. The visible condition of the atmosphere at the 
time was that which has hitherto been considcrcxl most favourable to 
the outflow of terrestrial heat, and therefore best calculated to establish 
a large diflerence between the air and wool thermometers. The IGlh 
of last January was a day of this kind, when the observations recorded 
in the annexed table were made. 

January 16 th. — lilxtremoly serene. Air ahnoat a dead calm. Sky without a 
cloud. Lii^ht bouth- westerly air. 


'J inin 1 

' Air 1 

\\ .H.l. 1 

DifTnfiico. 

' PM 1 



i 

! .*5.10 

43 

3^7 

1 6 

1 . .^0 ' 

‘ 42 

35 

7 

4. 

' 41 

35 

6 

4.15 

40 

31 

6 

4.:;u 

1 3 S 

32 

6 

5. j 

37 

2S 

0 

5.30 

1 ‘-^7 

30 

7 

‘ 6. 

36 

32 j 

1 

' 6.30 

' 3r> 

31 ' 

5 

7. 

' 36 1 

28 

8 

, 7.30 


28 


8. 

35 

26 

0 
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During these observations tliero was no visible impf'dinierit to 
terrestrial radiation. 'IJio sky was extremely j)nrc, tlie moon was 
shining ; Orion, th(* Pleiades, Charles’s Wain, including the small 
companion star at th<^ bond of the shaft, the Nortli Star, and numbers 
of otl'crs, were clearly visible. After the last observation, my note- 
book contains the remark, Atmosphere* exquisitely clear ; fi orn zenith 
to horizon cloudless all round.” 

A moments attention bestoAved on the column of differences in 
the foregoing table will repay us. U’by should the difference at 6 p.im. 
be fully 5'^ less tlian at 5 p.m. ; and again 5° less tlian at 8 aqd at 
8.30 respectively ? There was absolutely nothing in the aspoct of 
the atmosphere to account for the approach of the two thormonojters 
at f) o’clock — nothing to accramt for their preceding and subso(|uent 
divergence from each other. Anomalies of this kind have 'been 
observed by the hundred, but they have never Iwen accounted for* and 
they did not admit of explanation until it had been proved that the 





LIBRARY OF SCIENCE 


279 

intrusion of a perfectly invisiLlo vapour was competent to cheek the 
radiation, while its passing awny rc-ojiened a doorway into space. 

It is well to hear in mind that tho diiferenee j)otvveen the two 
thermometers on th(‘ ovi'ning licro referred to varied from 4 :° to 9°, tlio 
latter being tho maximum. 

Such observations might bo mnltiidied, bat, with a view to 
saving space, I will limit the record. On the evening of January 
3()tli, tlie atmosphere was vt'ry serene; theni u»s no moon, but tho 
hrmameiit was powdered wi<h stars. At 7.15 p.m. the difference 
between the tw’o thermometers was 0°; while at 9.80 p.m. it was 4*^, 
the wool thermometer being in both cases the C(»]der of the tw'o. On 
February 8rd observations were made under similar conditions of 
weather, and with a similar result. At 7.15 p.m. tho difference 
belwedi tlie thcimometers was b"; whih* at S.‘J5 v . m . it w'hs 4 ^ On 
both tln ^e eve nings th(' sky was cloudless, tlie stars wt re bright w^-'lo 
the movement of the air w^as light, from tlie south-west. 

In all thes(‘ cases the air ])assing over the jdatdiu of Tlind 1* ad 
I'ad ])revioasly grazi d the compaiativ( ly wairm Mirfai'c of the Athnric 
Ocean, where it had charged ils(‘lf w'itli aqiK'ous vapour to a degn o 
corresponding lo its temperature. Lit us contrast its action wdth 
that of air coming to Hind Head from a quartiT less competent to 
ehargi' it with aqueous vapour. We w’cre visitid hy sueli air on tho 
lOtli of last Di'ceinhir, when the movmnent of thi^ wind was light 
from the north-east, tlu' temperature at tlie time, morei>ver, was very 
low', and lunco eahnhited to lessen the quantity of atmosphi*ric 
vapour. Snow a foot deej) covered the lie din r. At 8.5 a.m. tlie two 
thcimomideis were tal\< n from the hut, having a comnnui temjeeraturo 
ot l>5\ The one was rapi<lly snspemh d in tin* air, and the utlier laid 
upon the wo(»l. I was not prepared tor the result. A single minu 
exposure suffieed to estahlihli a difference of 5" bi'tw’tmi tho tin r- 
iimmi teis ; an (xposure of five minutes ]>r()dneed a difference of 13' ; 
whde alter ton minutes’ t xposiiro tlie dilft rence was found to be no 
l(‘-s than 17 . lime follow some of the observations. 

DiCianlur 10th — PiM'p snow ; low i( nipcrafuir ; sk} clear; li lit 
iiorf li-eas(i rl\ air. 
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During these ohservations, a dense bank of cloud on the opposite 
ridge of Jiluekdowii, virtually retarded the rising of the sun. It had, 
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however, cleared the bank during the last two observations, and, 
touching the air thermometer with its warmth, raised its temperature 
from 26^ to 27^ and 29°. The very large diflfereuce of 18° is in part 
to be ascribotl to this raising of tho temperature of the air ther- 
mometer. I will limit myself to citing one other case of a similar 
kind. On the evening of the 31at of March, though the surface 
temperature was far below the dew point, very little dew was 
deposited. The air was obviously a dry air. The sky was perfectly 
cloudless, while tho barely perceptible movement of tho air was from 
the nortii-east. At 10 p.m. the temperature of tho air thermoinotor 
was 37°, that of the wool thermometer was 20°, a refrigeration of 
17° being therefore observed on this occasion. 

From the behaviour of a smooth ball when urged in succession over 
short grass, over a gravel walk, over a boarded floor, and ov(t ice, it 
has been inferred that, were friction entirely withdrami, we should have 
no retardation. In a similar way, under atmospheric conditions 
visibly the same, we observe that tho refrigeration of tho earth’s 
surface at night markedly increases with tho dryness of tho atmo- 
sphere : wo may infer what would occur if tho invisible atmospheric 
vapour were entirely withdrawn. I am far from saying that the 
body of the atmosphere exerts no action whatever upon tho waves of 
terrestrial heat ; but only that its action is so small that, when duo 
precautions are taken to have the air pure and dry, laboratory experi- 
ments fail to reveal any action. Without its vaporous screen, our 
solid earth would practically be in the presence of stellar space ; and 
with that space, so long as a difference existed between them, the 
earth would continue to exchange temperatures. Tho linaL/’esult of 
such a process may be surmised. If carried far enough, it would 
infallibly extinguish the life of our planet. 

[J. T.] 



Friday, February 29, 1884. 

Sib William Bowman, Bart. LL.D. F.R.S. Honorary Secretary and 
Vice-President, in the Chair. 

Professor D. E. Hughes, F.R.S. MMJ. 

Theory of Magnetism. 

The theory of magnetism, which I propose demonstrating this evening, 
may be termed the mechanical theory of magnetism, and, like the 
now well-established mechanical theory of heat, replaces the assumed 
magnetic fluids and elementary electric currents by a simple, sym- 
metrical, mechanical motion of the molecules of matter and ether. 

That maguct^l4ll1 is of a molecular nature has long been accepted, 
for it is evident that, no matter how much we divide a magnet, we 
still have its two poles in each separate portion, consequently we can 
easily imagine this division carried so far that we should at last 
arrive at the molecule itself possessing its two distinctive poles, con- 
sequently all theories of magnetism attempt some explanation of the 
cause of this molecular polarity, and the reason for apparent neutrality 
in a mass of iron. 

Coulomb and Poisson assume that each molecule is a sphere 
containing two distinct magnetic fluids, which in the state of neutrality 
are mixed together, but when polarised are separated from each other 
at opposite sides ; and, in order to explain why these fluids are kept 
apart as in a permanent magnet, they had to assume, again, that each 
molecule contained a peculiar coercive force, whose functions were to 
prevent any change or mixing of these fluids when separated. 

There* is not one experimental evidence to prove the truth of this 
assumption; and as regards coercive force, we have direct experi- 
mental proof opposing this view, as we know that molecular rigidity 
or hardness, as in tempered steel, and molecular freedom or softness, 
as in soft iron, fulfil all the conditions of this assumed coercive force. 

Ample’s theory, based upon the analogy of electric currents, 
supposes elementary currents flowing around each molecule, and that 
in the neutral state these molecules are arranged hap-hazard in all 
directions, but that magnetisation consists in arranging them sym- 
metrically. 

The objections to Ampere’s theory are numerous, let. Wo have 
no knowledge or experimental proof of any elementary electric 
currents continually flowing without any expenditure of energy. 
2nd. If we admit the assumption of electric currents around each 
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molecule^ the molecule itself would then bo olcctro-magnotic, and tlic 
question still remains, What is polarity ? Havo the supposed electric 
currents separated the two assumed magnetic fluids contained in tho 
molecule, as in Poisson’s theory ? or are the electric currents them- 
selves magnetic, independent of the iron molecule? 

In order to produce the supposed heterogeneous arrangement of 
neutrality. Ampere’s currents would havo either to change their 
position upon the molecule, and have no fixed axis of rotation, or else 
the molecule, with its currents and polarities, would rotate, and thus 
be acting in accordance with the theory of Do la Rive. 3rd. This 
theory does not explain why (as in the case of soft iron) polarity 
should disappear whenever the exciting cause is removed, as in tho 
case of transient magnetisation. It would thus rcijuiro a coercive force 
in iron to cause exactly one-half of the molecules to instantly reverse 
their direction, in order to pass from apparent external polarity to 
that of neutrality. 

The influence of mechanical vibrations and stress upon iron in 
facilitating or discharging its magnetism, as proved by Matteucci, 
1847, in addition to the discovery by Page, 1837, of a molecular 
movement taking place in iron during its magnetisation, producing 
audible sounds, and tho discovery by Dr. Joule, 1842, of the elonga- 
tion of iron when magnetised, followed by tho discoveries of 
Guillemin, that an iron bar bent by a weight at its extremity would 
become straight when magnetised ; also that magnetism would tend to 
take off twists or mechanical strains of all kinds — together with tho 
researches of Matteucci, Marianini, De la Rive, Sir W. Grove, Faraday, 
Weber, Wiedemann, Da'Moncel, and a host of expori men tors, in- 
cluding numerous published researches by myself — all tonH to show 
that a mechanical action takes place whenever a bar of iron is 
magnetised, and that the combined researches demonstrate that tho 
movement is that of molecular rotation. 

De la Rive was the first to perceive this, and his theory, like those 
of Weber, Wiedemann, Maxwell, and others, is based upon molecular 
rotation. Their tlieories, however, were made upon insufficient data, 
and have proved to be wrong as to the assumed state of neutrality, 
and right only where the experimental data clearly demonstrated 
rotation. 

I believe that a true theory of magnetism should admit of 
complete demonstration, that it should present no anomalies, and that 
all the known effects should at once bo explained by it. 

From numerous researches I havo gr^ually formed a theory of 
magnetism entirely based upon experimental results, and thes^ havo 
led mo to the following conclusions : — 

1. That each molcculo of a piece of iron, as well as the atotns of 
all matter, solid, liquid, gaseous, and tho other itself, is a separate and 
independent magnet, having its two poles and distribution of magnetic 
polarity exactly the same as its total evident magnetism when noticed 
upon a steel bar-magnet. 
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2. That each molecule can be rotated in either direction upon its 
axis by torsion, stress, or by physical forces such as magnetism and 
electricity. 

3. That the inherent polarity or magnetism of oach molecule is a 
constant quantity like gravity ; that it can neither be augmented nor 
destroyed. 

4. That when wo have external neutrality, or no apparent mag- 
netism, the molecules arrange themselves so as to satisfy their mutual 
attraction by the shortest path, and thus form a complete closed 
circuit f»f attraction. 

5. That when magnetism becomes evident, the molecules and 
their polarities have all rotated, symmetrically, producing a north 
pole if rotated in a given direction, or a south pole if rotated in the 
opposite direction. Also, that in evident magnetism wo have still 
a symmetrical arrangement, but one whose circles of attraction are 
not completed except through an external armature joining both 
poles. 

6. That wo have permanent magnetism when the molecular 
rigidity, as in tenq)ered steel, retains them in a given direction, and 
transient magriotism whenever the molecules rotate in comparative 
freedom, as in soft iron. 


Experimental Evidences, 

Tn the above theory the coercive force of Poisson is replaced by 
molecular rigidity and freedom ; and as the oflect of mechanical 
vibrations, torsion, and stress upon the apparent destruction and 
facilitation of magnetism is well known, I will, before demonstrating 
the more serious parts of the theory, make a few experiments to prove 
that molecular rigidity fulfils all the requirements of an assumed 
coercive force. 

T will now show you that if I magnetise a soft iron rod, the 
slightest mechanical vibration reduces it to zero ; whilst in tempered 
steel or hard iron, the molecules are comparatively rigid, and are but 
slightly affected. The numerous experimental evidences which I 
shall show prove that whilst the molecules are not completely rigid 
in steel, they are comparatively rigid when compared with the 
extraordinary molecular freedom shown in soft iron, {Experiments 
shown.) 

If I now take a bottle of iron filings, I am enabled to show how 
completely rigid they appear if not shaken ; but the slightest motion 
allows these filings to rotate and short circuit themselves, thus pro- 
ducing apparent neutrality. Now I will restore the lost magnetism 
.by letting the filings slowly fall on each other under the influence 
of the earth’s magnetic force ; and here we have an evident proof of 
rotation producing the result, as wo can ourselves perceive the 
arrangement of the filings. {^Experiment shofxm.) 

If I take this extremely soft bar of iron, you notice that the 
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slightest mechanical tremor allows molecular rotation, and conse- 
quent loss or change of polarity ; but if I put a slight strain on this 
bar, so as to fasten each molecule, they cannot turn with the same 
fre^om as before, and they now retain their symmetrical polarity liko 
tempered steel, even when violently hammered. {Experiment shown,) 

We can only arrive at one conclusion from this experiment, viz. 
that the retention of apparent magnetism is simply due to a frictional 
resistance to rotation; and whenever this frictional resistance is 
reduced, as when we take off a mechanical strain, or by making the 
bar red hot, the molecules then rotate with an almost inconceivable 
freedom from frictional resistance. 

Conduction, 

You notice that if I place this small magnet at several inches’ 
distance from the needle, it turns in accordance with the pole pre- 
sented. How is the influence transmitted from the magnet to the 
needle? It is through the atmosphere and the ether, which is the 
intervening medium. I have made a long series of researches on the 
subject, involving new experimental methods, the results of which are 
not yet published. One result, however, I may mention. Wo know 
that iron cannot be magnetised beyond a certain maximum, which 
we call its saturation point. It has a well-defined curve of rise to 
saturation, agreeing completely with a curve of force produced by 
the rotation of a bar magnet, the force of which was observed from 
a fixed point. I have completely demonstrated by moans of my 
magnetic balance (shown in the Library) that our atmosphere, as well 
as Crooke’s vacuum, has its saturating point exactly similar in every 
respect to that of iron : it has the same form through every degree. 
We cannot reduce nor augment the saturating point of ether ; it is 
invariable, and equals the finest iron. We may, however, easily 
reduce that of iron by introducing frictional resistance to the free 
motion of its molecules. 

From consideration of the ether having its saturating point, I am 
forced to the conclusion that it could only be explained by a similar 
rotation of its atoms as demonstrable in iron. 

Reflection would teach us that there cannot be two laws of mag- 
netism, such as one of vibrations in the ether and rotations in iron. 
We cannot have two correct theories of heat, light, or magnetism; 
the mode of motion in the case of magnetism being rotation, and not 
vibration. 

Let us observe this saturation point of the atmosphere com|>ared 
with iron. I pass a strong current of electricity in this coil. ^ The 
coil is quite hot, so we are very near its saturation. I now plac^ this 
coil at a certain distance from the needle (8 inches) ; we have how a 
deflection of 45° on the needle. I now introduce this iron core, exactly 
fitting the interior previously filled by the ether and atmosphere. Its 
force is much greater, so I gradually remove this coil to a distance, 
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where I find the same deflection as before (46°). This happens to be 
at twice the distance, or 16 inches, so we know, according to the law of 
inverse squares, that the iron has four times the magnetic power of 
the atmosphere. But this is only true for this piece of iron : with 
extremely fine specimens of iron I have been enabled to increaso the 
force of the coil forty times, whilst with manganese steel containing 
10 per cent, of manganese it was only 30 per cent, superior. We see 
here that the atmosphere is extremely magnetic. Let us replace 
the solid bar by iron filings. Wo now only have twice the force. 
Beplace this by a bottle of sulphate of iron in a liquid state : it is 
now a mere fraction superior to the atmosphere ; and if we were still 
further to separate the iron molecules, as in a gaseous state, it is 
reasonable to suppose that if we could isolate the iron gas from that 
of ether, that iron gas would be strongly diamagnetic, or have far 
less magnetic capacity than ether, owing to the great separation of its 
molecules. These are assumptions, but they are based upon experi- 
mental evidences, which give it value. 

Let us quit the domain of assumption to enter that of demonstra- 
tion. Here I have a long bar of neutral iron. If I place this small 
magnet at one en'd, we notice that its pole has moved forward three 
inches, having a consequent point at that place. Let us now vibrato 
this rod, and you notice the slow but gradual creeping of the con- 
duction until at the end of two seconds it has reached 14 inches. 
The molecules have been freed from frictional resistance by the 
mechanical vibrations, and have at once rotated all along the bar. 
(^Experiment shown.) Let us repeat this experiment by heating the 
rod to red heat. You notice the gradual creeping or increased con- 
duction as the heat allows greater molecular freedom. (Experiment 
shown.) Let us now again repeat this experiment by sending a 
current of electricity through the bar. You notice the instant 
that I touch the bar with this wire, convoying the current 
through it, that we have identically the same creeping forwards, no 
matter what direction of the current. (Experiment shown.) If you 
simply looked at the effects produced, you could not tell which 
method I had employed ; either mechanical vibrations, heal vibra- 
tions, or electrical currents. Consequently, knowing the two first to 
be modes of motion, it is fair to assume that an electrical current is 
a mode of motion, the manner of which is at present unknown ; but 
that there is a molecular disturbance in each case is evident from the 
experiments shown. 

Neutrality. 

If I take this bar of soft iron, introduce it in the coil, and pass a 
strong electric current though the coil, you notice that it is intensely 
magnetic, holding up this large armature of iron and strongly deflect- 
ing the observing needle. I now interrupt the current, the armature 
falls, and the needle only shows traces of the previous intense 
magnetisation. What has become of this polarity^ or what has 
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caused this sudden neutrality ? Coulomb supposes that the magnetic 
fluids haye become mixed in each molecule, thus neutralising each 
other. Amp^e supposes that the elementary currents surrounding 
each molecule have become heterogeneous. De la Eive, Wiedemann, 
Weber, Maxwell, and all up to the present time have accounted for 
this disappearance as a case of mixture of polarities or hetorogeiieous 
arrangement. 

My researches proved to me that neutrality was a symmetrical 
arrangement ; 1 stated this in my paper upon the theory of magnetism 
to the Eoyal Society last year. I have since made a long series of 
researches upon this question, and my paper upon this subject will 
shortly be read at the Eoyal Society. This paper will demonstrate 
beyond question — 1. That a bar of iron under the influence of a 
current or other magnetising force is more strongly polarised on the 
outside than in the interior ; that its degree of penetration follows the 
well-defined law of inverse squares, up to the saturation point of 
each successive layer. 2. The instant that the current ceases, a 
reaction takes place, the stronger outside reacting upon the weaker 
inside, completely reversing it, until its reversed polarity exactly 
balances the external layers. 

We might here suppose that there existed two distinct polarities 
at the same end of a neutral bar, but this is only partially true, os 
the rotation of the molecules from the inside to the exterior is a 
gradual, well-defined curve, perfectly marked, as shown in the 
diagrams. {Diagrams explained,) We see from those that in a largo 
solid bar the reversed polarity would be in the interior, but in a thin 
bar under an intense field, the reversed polarity would bo on tlio 
outside. Thus a bar which had previously strong norflt polarity 
under an external influence would, the instant it formed its neu- 
trality, have a north polarity in the interior covered or rendered 
neutral by an equal south exterior, the sum of both giving the 
apparent • neutrality that we notice. I must refer all interested 
upon this question to my paper shortly to bo read, but I will make 
a few experiments to demonstrate this important fact. 

If I take this piece of soft steel and magnetise it strongly, it has a 
strong remaining magnetism, or only partial neutrality. If I now 
heat this steel to redness, or put it into a state of mechanical vibra- 
tion, the remaining magnetism almost entirely disappears, and we 
have apparent neutrality. This piece of steel being thin millimetro^, 
I know that the outside is reversed to its previous state. I place this 
piece of steel in a glass vase near the observing needle, and at present 
there seems no polarity. I now pour dilute nitric acid upon it, filling 
up the vase. The exterior is now being dissolved, and in A few 
minutes you will 1 ^ a strong polarity in the steel, as the ex^rior 
reversed polarity is dissolved in the acid. {Experiment shown,) 

Let us observe this by a diflerent method. I take two stri{)s of 
hard iron, and magnetise them both in the same direction. 

If 1 place them together and then separate them, there seems no 
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change, although in reality the mere contact produced a commence- 
ment of reversal. Let us vibrate them whilst together, allowing the 
molecules greater freedom to act as they feel inclined ; and now on 
separating we see that one strip has exactly the opposite polarity 
to the other, both extremely strong, but the sum of which, when 
placed together, is zero, or neutrality. {Experiment shown,) 

Let us take two extremely soft strips placed together, and mag- 
netised whilst together. On withdrawal of the inducing force, tho 
rods are quite neutral. {Experiment shoton,) 

We now separate these strips, and find that one is violently 
polarised in one direction, whilst the other is equally strong in the 
reversed ; tho sum of both being again zero. 

Wo might suppose that the reaction is due to having separate 
bars. 1 will now demonstrate that this is not tho case by magnetising 
this large |-inch bar with a magnetising force just sufficient to render 
the rod completely neutral when held vertically or under the earth’s 
magnetic influence. (Experiment shown.) 

You notice that it is absolutely neutral, all parts as well as tho 
ends showing not the slightest trace of polarisation. 1 reverse this 
bar, and you pofeeiv^* that it is now intensely polarised. This is due 
to the fact that the earth’s influence uncovers or reverses the 
outside molecules, and consequently they are now of the same polarity 
as its interior. IJpon reversing this rod, tho magnetism again dis- 
appears, and re-appears if turned as previously. We have thus a 
rod which appears intensely magnetic when one of its ends is lower- 
most, whilst if that same end is turned upwards all traces of mag- 
netism disappear. These and several other demonstrations which I 
shall now show you (proving the enormous influence which thickness 
of a bar has in the production of neutrality or its retention of mag- 
netism) arc simple lecture demonstrations. For the complete proof of 
my discovery of neutral curves I must refer you to my forthcoming 
paper upon this subject. (Experiments shown pi’oving the great influence 
of a thickness of a bar upon its retentive and neutral powers.) 

Inertia, 

1 have remarked in my researches that the molecules have true 
inertia, that they resist being put iu motion, and if put in motion will 
vanquish an opposing resistance by their simple momentum. To 
illustrate this, 1 take this large |-inch bar, magnetise it so that 
its south pole is at tho lowest end. We know that the earth’s 
influence is to make the lower end north. 1 now gently strike it with 
a wooden mallet, and the rod immediately falls to zero. I continue 
those blows, but the rod obstinately refuses to pass the neutral line to 
become north, the reason being in so doing it would have to change 
the whole internal reversed curve that I have discovered. It requires 
now extremely violent and repeated blows from the mallet to make it 
obey the earth’s influence. 
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Let ns repeat this experiment by starting tbo molecnlo rapidly in 
the first instance. The rod is now magnetised south as before. 1 
give one single sharp tap; the moleculos run rapidly round, pass 
through neutrality, breaking up its curve, and arrive at once to strong 
north polarity. (Experiment shown,) 

A very extraordinary effect is shown if we produce this effect by 
electricity ; it then almost appears as if electricity itself had inertia. 
1 take this bar of hard iron and magnetise it to a fixed degree. On 
the passage of the current, you notice that the magnetism seems to bo 
increased as the needle increases its arc, but this is caused by the 
deflection of the electric current in the bar. The current is now 
obliged to travel in spirals, as my researches have proved to mo that 
electricity can only travel at right angles to the magnetic polar 
direction of a molecule, consequently in all permanent magnets the 
current must pass at right angles to the molecule, and its path will 
be that of a spiral. Let us replace this bar by one from a similar 
kind of iron well annealed. The molecules here are in a great state 
of freedom. We now magnetise this rod to the same degree as in the 
previous cose; the electric current now, instead of being deflected, 
completely rotates the molecules, and the needle returns to zero, all 
traces of external magnetism having ceased. The electricity on 
entering this bar should have been forced to follow a tortuous circular 
route ; its momentum was, however, too great for the molecules, and 
they elected to turn, allowing the electricity to pass in a straight line 
through the bar. Thus, in the first instant, magnetism was the master 
directing the course of the current ; in the last, it became its servant, 
obeying by turning itself to allow a straight path to its electric 
master. (Experiment shown,) ^ 

Superposed Magnetism, 

It is well known that we can superpose a weak contrary polarity 
upon an internal one of an opposite name. I have been enabled thus 
to superpose twenty successive stratas of opposite polarities upon a 
single r(^, by simply diminishing the force at each reversal. 1 was 
anxious to prepare a steel wire so that in its ordinary state it would 
be neutral, but that in giving it a torsion to the right one polarity 
would appear, whilst a torsion to the left would produce the opposite 
polarity. This I have accomplished by taking ordinary soft steel 
drill wire and magnetising it strongly whilst under a torsion to the 
right, and more feebly with an opposite polarity when magnotised 
under torsion to the left. 

The power of these wires, if properly prepared, is most remarl|able, 
being able to reverse their polarity under torsion, as if they were 
completely saturated ; and they preserve this power indefinitely if 
not touch^ by a magnet. It would be oxtromely difficult to explain 
the action of the rotative effects obtained in these wires unde^ any 
other theory than that which I have advanced; and the absolute 
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external neutrality that we obtain in them when the polarities are 
changing we know, from their structure, to be perfectly symmetrical. 

I was anxious to show some mechanical movement produced by 
molecular rotation, consequently I have arranged two bells that are 
struck alternately by a polarised armature put in motion by the 
double polarised rod I have already described, but whoso position, at 
three centimetres distant from the axis of the armature, remains 
invariably the same. The magnetic armature consists of a horizontal 
light steel bar suspended by its central axle ; the bells are thin wine- 
glasses, giving a clear musical tone loud enough, by the force with 
which they are struck, to be clearly heard at some distance. The 
armature does not strike these alternately by a pendulous movement, 
as we may easily strike only one continuously, the friction and inertia 
of the armature causing its movements to be perfectly dead-beat when 
not driven by some external force, and it is kept in its zero position 
by a strong directive magnet placed beneath its axle. 

The mechanical power obtained is extremely evident, and is 
sufficient to put the sluggish armature in rapid motion, striking the 
bells six times per second, and with a power sufficient to produce 
tones loud enough Lo bo clearly heard in all parts of the hall of the 
Institution. 

There is nothing remarkable in the bells themselves, as they 
evidently could be rung if the armature was surrounded by a coil, 
and worked by an electric current from a few colls. The marvel, 
however, is in the small steel superposed magnetic wire producing 
by slight elastic torsions from a single wire, 1 millimetre in dia- 
meter, sufficient force from mere molecular rotation to entirely replace 
the coil and electric current. (Ejcjyeriment shown hy ringing the 
hells hy the torsion of a small ^\-hich wire placed 4 inchee distant from 
helldiammer.) 

Correlation of Forces, 

There is at present a tendency to trace all physical forces to one, 
or rather a variation of modes of motion. In my last experiment 
the energy of my arm was transformed in the wire to molecular 
motion, producing evident polarity; this, again, acted upon the 
ether, putting the needle-hammer into mechanical motion. This by 
its impact upon the glass bells transformed its motions into sonorous 
vibrations; but this does not mean that we can convert directly 
sonorous vibrations into magnetism, or vice versa. 

Let us take this soft iron rod ; it seems quite neutral, although 
wo know that the earth's magnetism is trying to rotate its molecules 
to north polarity at its lowest extremity. We now put it in mecha- 
nical vibration by striking it gently with a wooden mallet; the 
molecules at once rotate, and wo have the ex^>octed strong north 
polarity. Lot us repeat this experiment by employing heat, and here, 
again, at red heat an equally strong north polarity appears. 

Again we repeat, and simidy pass an electric current of no matter 
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vhat direction ; again the same north pole appears. Thus these forces 
must be very similar in nature, and may be fairly presumed to bo 
vibrations, or modes of motion, having no directive tendency except a 
sb'ght one, as in the case of electricity. For the same three forces 
render the rod perfectly neutral, even when previously magnetised, 
when placed in a longitudinally neutral field, as east and west. 

Motion of the molecules gives rise to external magnetism to a rod 
previously neutral, or renders it neutral when previously magnetised ; 
in other words, it simply allows the molecules to obey an external 
directing infiuonce; the only motion, therefore, is during a change 
of state or polarity. If there is constant polarity, there is no con- 
sequent motion of the molecules : in fact, the less motion of any kind 
that it can receive, the more perfect its retention of its previous 
position ; consequently, constant magnetism cannot be looked upon 
as a mode of motion, neither vibratory nor rotatory ; it is an inherent 
quality of each molecule, similar in its action to its chemical affinity, 
cohesion, or its polar power of crystallisation. A molecule of all 
kinds of matter has numerous endowed qualities ; they are inherent, 
and special in degree to the molecule itself. 1 regard the magnetic 
endowed qualities of all matter or ether to be inherent, and that they 
are rendered evident by rotation to a symmetrical arrangement in 
w'hich their complete polar attractions are not satisfied. 

Time will not allow me to show how completely this view explains 
all the phenomena of electro-magnetism, diamagnetism, earth cur- 
rents — in fact, all the known effects of magnetism — up to the original 
cause of the direction of the molecules of the earth. To explain the 
first cause of the direction of the molecules of the earth would rest 
altogether upon assumption as the first cause of the earth’s rotation, 
and of all things down to the inherent qualities of the molecule itself. 

The mechanical theory of magnetism which I have advocated 
seems to me as fairly demonstrable as the mechanical theory of heat, 
and it gives me great pleasure to have been allowed to present you 
with my views on the theory of magnetism. 

[D. E. H.j 



Friday, March 28, 1884. 

Sir Frkderick Pollock, Bart. M.A. Vico-Prosident, in tho Chair. 

Professor Obbobnb Reynolds, M.A. F.R.S. 

The Two Manners of Motion of Water. 

In commencing this discourse the author said - 

It has long been a matter of very general regret with those who 
are interested in natural philosophy, that in spite of the most strenuous 
efforts of the ablest mathematicians the theory of fluid motion fits 
very ill with the actual behaviour of fluids ; and this for unexplained 
reasons. Th/> 'tloorv itself appears to be very tolerably complete 
and affords tho means of calculating the results to be expected in 
almost every case of fluid motion, but while in many cases the 
theoretical results agree with those actually obtained, in other cases 
they are altogether different. 

If we take a small body such as a raindrop moving through the 
air, tho theory gives us the true law of resistance ; but if we take a 
large body such as a ship moving through the water, the theoretical 
law of resistance is altogether out. And what is the most unsatis- 
factory part of the matter is that tho theory affords no clue to the 
reason why it should apply to the one class more than the other. 

When, seven years ago, I had tho honour of lecturing in this room 
on the then novel subject of vortex motion, I ventured to insist that the 
reason why such ill success had attended our theoretical efforts was 
because, owing to the uniform clearness or opacity of w'ater and air, 
wo can see nothing of tho internal motion ; and while exhibiting 
the phenomena of vortex rings in water rendered strikingly apparent 
by partially colouring tho water, but otherwise as strikingly invisible, 
I ventured to predict that tho more general ajiplication of this method, 
which I may call the method of colour-bands, would reveal clues 
to those mysteries of fluid motion which had baffled philosophy. 

To-night 1 venture to claim what is at all events a partial verifi- 
cation of that prediction. The fact that we can see as far into fluids 
as into solids naturally raises tho question why the same success 
should not have been obtained in tho case of the theory of fluids as 
in that of solids ? The answer is plain enough. As a rule, there 
is no internal motion in solid bodies ; and hence o^r theory based 
on the assumption of relative internal rest applies to all cases. It 
is not, however, impossible that an, at all events seemingly, solid 
body should have internal motion, and a simple experiment will show 
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that if a class of such bodies existed they would apparently have 
disobeyed the laws of motion. 

These two wooden cubes are apparently just alike, each has a 
string tied to it Now, if a ball is suspended by a string you all 
know that it hangs vertically below the point of suspension or swings 
like a pendulum. You see this one does so. The other you see 
behaves quite differently, turning up sideways. The effect is very 
striking so long as you do not know the cause. There is a heavy 
revolving wheel inside which makes it behave like a top. 

Now what I wish you to see is, that had such bodies been a work 
of nature so that we could not see what was going on — if, for 
instance, apples were of this nature while pears were what they are — 
the laws of motion would not have been discovered ; if discovered for 
pears they would not have applied to apples, and so would hardly 
have been thought satisfactory. 

Such is the case with fluids : here are two vessels of water which 
appear exactly similar — even more so than the solids, because you 
can see right through them — and there is nothing unreasonable in 
supposing that the same laws of motion would apply to both vessels. 
The application of the method of colour-bands, however, reveals a 
secret : the water of the one is at rest, while that in the other is in 
a high state of agitation. 

I am speaking of the two manners of motion of water — not 
because there are only two motions possible ; looked at by their 
general appearance the motions of water are infinite in number ; but 
what it is my object to make clear to-night is that all the various 
phenomena of moving water may be divided into two broadly distinct 
classes, not according to what with uniform fluids are their apparent 
motions, but according to what are the internal motions of the fluids 
which 0X0 invisible witK clear fluids, but which become visible with 
colour-bands. 

The phenomena to be shown will, I hope, have some interest in 
themselves, but their intrinsic interest is as nothing compared to 
their philosophical interest. On this, however, I can but slightly touch. 

I have already pointed out that the problems of fluid-motion may 
be divided into two classes: those in which the theoretical results 
agree with the experimental, and those in which they are altogether 
different. Now what makes the recognition of the two manners of 
internal motion of fluids so important, is that all those problems to 
which the theory fits belong to the one class of internal motions. 

The point before us to-night is simple enough, and may be well 
expressed by analogy. Most of us have more or less familiarity with 
the motion of troops, and we can well understand that there e^sts a 
science of military tactics which treats of the best manceuvre| and 
evolutions to meet particular circumstances. 

Suppose this science proceeds on the assumption thal: the 
discipline of the troops is perfect, and hence takes no account of such 
moral effects as may be produced by the presence of an enemy. 
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Such a theory would stand in the same relation to the movements 
of troops as that of hydrodynamics docs to the movements of water. 
For although only the disciplined motion is recognised in military 
tactics, troops have another manner of motion when anytliing disturbs 
their order. And tliis is precisely how it is with water : it will move 
in a perfectly direct disciplined manner under some circumstances, 
while under others it becoinos a mass of eddies and cross streams 
which maybe well likened to the motion of a wliirling, struggling mob 
where each individual particle is obstructing tlie others. 

Nor docs the analogy end here : the circumstances which deter- 
mine whether the motion of troops shall be a march or a scramble, 
are closely analogous to those which determine whether the motion of 
water shall be direct or sinuous. 

In both cases there is a certain influence necessary f(H* order : 
with troGjis it is discipline ; with water it is viscosity or treaclincss. 

The lM.‘tter the discipline of tlie troops, or the more treacly the 
fluid, the less likely is steady motion to be disturbed under any 
circumstances. On the other hand, speed and size are in both cases 
influences conducive to unsteadiness. The larger the army, and the 
more rapid tL^ cvolnlions, tlie greater the chance of disorder ; so with 
fluid tlie larger the channel, and the greater the velocity, the more 
chance of eddies. 

With troops some evolutions arc much more difhcult to effect with 
steadiness than others, and some evolutions which w'ould be perfectly 
safe on parade, would be sheer madness in the presence of an enemy. 
So it is w'ith water. 

One <if my chief objects in introducing this analogy of the troops 
is to emphasise the fact, that even while executing maiueuvres in a 
steady manner there may be a fundamental ditierenco in tlie condition 
of the fluid. This is easily realised in the case of troops. Diflicultaud 
easy nianoouvres may be executed in equally sh ady manners if all 
goes well, but tlie conditions of the moving tru^ips are essentially 
different. For wdiilo in the one case any slight disarmngement would 
be easily rectilied, in the other it w'ould inevitably lead to a scramble. 
The source of such a change in the manner of motion under such 
circumstjiiices, may be ascribed either to the delicacy of the manceuvre, 
or to the upsetting disturbance, but as a matter of fact, both of these 
causes are necessary. Tn the case of extreme delicacy an indefinitely 
small disturbance, such as is always to be counted on, will effect the 
change. 

Under those circumstances we may well describe the condition of 
the troops in the simjilo manoeuvre as stable, w'bilo that in the 
delicate manoeuvre is unstable, i. c. wdll break down on tlie smallest 
disarrangement. The small disarrangement is the immediate source 
of the break-down in the same souse as the •sound of a voice is 
sometimes the cause of an avalanche ; but if w o regard such dis- 
arrangement as certain to occur, then the source of the disturbance is 
a condition of instability. 


HS~VoI 3 L* 
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All this is exactly true for the motion of water. Supposing no 
disarrangement, the water would move in the manner indicated in 
theory just as, if there is no disturbance, an egg will stand on its end ; 
but as there is always slight disturbance, it is only when the condi- 
tion of steady motion is more or less stable that it can exist. In 
addition then to the theories either of military tactics or of hydro- 
dynamics, it is necessary to know under what circumstances the 
manoeuvres of which they treat are stable or unstable. And it is in 
definitely separating these conditions that the method of colour-bands 
has done good service which will remove the discredit in which 
the theory of hydrodynamics has been held. 

In the first place, it has shown that the property of viscosity or 
treacliness, possessed more or less by all fluids, is the general influence 
conclusive to steadiness, while, on the other hand, space and velocity 
are the counter influence ; and the effect of these influences is subject 
to one perfectly definite law, which is that a particular evolution 
becomes unstable for a definite value of the viscosity divided by the 
product of the velocity and space. This law explains a vast number of 
phenomena which have hitherto appeared paradoxical. One general 
conclusion is, that with sufficiently slow motion all manners of motion 
are stable. 

The effect of viscosity is well shown by introducing a band of 
coloured water across a beaker filled with clear water at rest. Now 
the water is quite still, I turn the beaker round about its axis. Tho 
glass turns but not tho water, except that whicli is close to the glass. 
The coloured water which is close to the glass is drawn out into 
what looks like a long smear, but it is not a smear, it is simply a 
colour-band extending from the point in which tho coldTIr touched 
the glass in a spiral manner inwards, showing that the viscosity was 
slowly communicating -the motion of the glass to the water within. 
To prove this I have only to turn the beaker back, and the colour 
band asiSumes its radial position. Throughout this evolution the 
motion has been quite steady — quite according to the theory. 

When water flows steadily it flows in streams. Water flowing 
along a pipe is such a stream bounded by tho solid surface of the 
pipe, but if the water be flowing steadily we can imagine the water 
to be divided by ideal tubes into a fagot of indefinitely small streams, 
any of which may be coloured without altering its motion, just as 
one column of infantry may be distinguished from another by colour. 

If there is internal motion, it is clear that wo cannot consider the 
whole stream bounded by the pipe as a fagot of elementary streams, 
as the water is continually crossing tho pipe from one side to the 
other, any more than we can distinguish the streaks of coloul* in a 
human stream in t|ie corridor of a theatre. 

Solid walls are not necessary to form a stream : the jet from a 
fire hose, the falls of Niagara, are streams bounded by a free surface. 

A river is a stream half bounded by a solid surface. 

Streams may be parallel, as in a pipe ; converging, as in a conical 
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moutb-pioco ; or when the motion is reversed, diverging. Moreover, 
the streams may be straight or curved. 

All these circumstances have their influence on stability in a 
manner which is indicated in the accompanying diagram : — 


Circumstances conducive to 


Direct or Steady Motion. 

1. Viscobity or fluid friction which 

continually destroys disturb- 
ances. 

(Treacle is steadier than water.) 

2. A free surface. 

.3. Converging solid boundaries. 

4. Curvature with the velocity 
greatest on tlie outside. 


Sinuous or Unstead / Motion. 

5. Particular variation of velocity 
across the stream, as when a 
stream flows tlirough still 
water. 

G Solid bounding walls. 

7. Diverging solid boundaries. 

8. Curvature with the velocity 

greatest on the inside. 


It lias for a long time been noticed that^a stream of fluid through 
fluid otherwise at rest is in an unstable condition. It is this insta- 
bility which gives riso to the talking-flame and sensitive-jet with 
which you have been long familiar in this room. I have here a glass 
vessel of clear water in front of the lantern, so that any colour-bands 
will be proje.^tr d mu the screen. 

You see the ends of two vertical tubes one above the other. 
Nothing is flowing through these tubes, and the water in the vessel 
is at rest. I now open two taps, so os to allow a steady stream of 
coloured water to enter at the lower pipe, water flowing out at the 
upper. The water enters quite steadily, forms a sort of vortex ring 
at the end which proceeds across the vessel, and passes out at the 
lower tube. Now the coloured stream extends straight across the 
vessel, and fills both pipes. You see no motion ; it looks like a glass 
rod. The water is, however, flowing slowly along it. The motion 
is so slow, that the viscosity is paramount, and hence the stream is 
steady. 

I increase the speed, you see a certain wriggling sinuous action 
in the column ; faster, the column breaks up into beautiful and well- 
defined eddies, and spreads out into the surrounding water, which, 
becoming opaque with colour, gradually draws a veil over the 
experiment. 

The some is true of all streams bounded by standing water. If 
the motion is sufficiently slow, according to the size of the stream 
and the viscosity of the fluid, it is steady and stable. At a certain 
critical velocity, the which is determined by the ratio of the viscosity 
to the diameter of the stream, the stream becomes unstable. Under 
any conditions, then, which involve a stream flowing through sur- 
rounding water, the motion will be unstable if the velocity is sufficient. 

Now, one of the most marked facts relating to experimental 
hydrodynamics is the difference in the way in which water flows along 
contracting and expanding channels; these include an enormously 
large class of the motions of water, but the typical phenomenon is 
shown by the simple conical tubes. Such a tul^ is now projected on 
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the screen ; it is surrounded with clear still water. The mouth of 
the tube at which the water enters is the largest part, and it contracts 
uniformly for some way down the channel, then the tube expands 
again gr^ually until it is nearly as large as at the mouth, and then 
again contracts to the tube necessary to discharge the water. I draw 
water through the tube, but you see nothing as to what is going on. 
I now colour one of the elementary streams outside the mouth ; 
this colour-band is drawn in with the surrounding water, and will 
show us what is going on. It enters quite steadily, preserving its 
clear streak^like character until it has reached the neck where con- 
vergence ceases ; now the moment it enters the expanding tube it is 
altogether broken up into eddies. Thus the motion is direct in the 
contracting tube, sinuous in the expanding. 

The hydrodynamical theory affords no clue to the cause why ; and 
even by the method of colour-bands the reason for the sinuosity is 
not at once obvious. If we start the current suddenly, tho motion 
is at first the same in both tubes, its change in the expanding pipe 
seemed to imply that here the motion was unstable. If so, this ought 
to appear from the equations of motion. With this view this case 
was studied, I am ashamed to say how long, without any light. I 
then had recourse to tho colour-bands again, to try and see how the 
phenomena came on. It all then became clear: there is an inter- 
mediate stage. When the tap is opened, the immediately ensuing 
motion is nearly the same in both parts ; but while that in the con- 
tracting portion maintains its character, that in the expanding portion 
changes its character, A vortex ring is formed which, moving for- 
ward, leaves the motion behind that of a parallel stream through tho 
surrounding water. 

If the motion be sufficiently slow, as it is now, this stream is 
stable, f^s already explained. We thus have steady or direct motion 
in both the contracting and expanding parts of tho tube, but the two 
motions are not similar : the first being one of a fagot of similar 
elementary contracting streams, the latter being that of one parallel 
stream through the surrounding fluid. The first of these is a stable 
form ; the second an unstable form, and, on increasing the velocity, 
the first remains, while the second breaks down ; and we have, as 
before, the expanding part filled with eddies. 

This experiment is typical of a large class of motions. Wherever 
fluid flows through a narrow, as it approaches the neck it is steady, 
after passing, it is sinuous. The same effect is produced by an 
obstacle in the middle of a stream ; and very nearly the same thing 
by the motion of a solid object through the water. 

You see projected on the screen an object not unlike a ship. * Here 
the ship is fixed, md the water flowing past it ; but the effect ^ould 
be the same if we had the ship moving through the water. ioL the 
front of the ship the stream is steady, and so till it has passed the 
middle, then you see the eddies formed behind the ship. It is these 
eddies which account for the discrepancy between the actual and 



LIBRARY OF SCIENCE 


297 

theoretical resistaiM^ of ships. We see, then, that the motion in the 
expanding channel is sinuous because the only steady motion is that 
of a stream through water. Numerous cases in which the motion is 
sinuous may be explained in the same way, but not all. 

If we have a perfectly parallel channel, neither contracting nor 
expanding, the steady moving stream will be a fagot of perfectly 
steady parallel elementary streams all in motion, but moving fastest 
at the centre. Hero we have no stream through steady water. Now 
when this investigation began it was not known, or imperfectly 
known, whether such a stream was stable or not, but there was a 
well-known anomaly in the resistance to motion in parallel channels. 
In rivers, and all pipes of sensible size, experience hod shown that 
the resistance increased as the square of the velocity, whereas in very 
small pipes, such as represent the smaller veins in animals, Poiseuille 
had proved the resistance increased as the velocity. 

Now since the resistance would be as the square of the velocity 
with sinuous motion, and os the velocity, if direct, it seemed that the 
discrepancy could be accounted for if the motion could be shown to 
become unstable* , for a sufficiently largo velocity. This suggested 
the experiment I am now about to produce before you. 

You see on the screen a pipe with its end open. It is surrounded 
by clear water and by opening a tap I can draw water through it. 
This makes no difference to the appearance until I colour one of the 
elementary streams, when you see a beautiful streak of colour extend 
all along the pipe. The stream has so far been running steadily, 
and appears quite stable. I now merely increase the speed ; it is 
still steady, but the colour-band is drawn down fine. I increase the 
colour and then again increase the speed. Now you see the colour- 
band at first vibrates and then mixes so as to fill the tube. This is 
at a definite velocity ; if the velocity bo diminished ever so little the 
band becomes straight and clear ; increase it again, it breaks up. 
This critical speed depends on the size of the tube in the exact 
inverse ratio; the smaller the tube, the greater the velocity; also, 
the more viscous the water the greater the velocity. 

We have then not only a complete explanation of the difference in 
the laws of resistance generally experienced and that found by 
Poiseuille, but also we have complete evidence of the instability of 
parallel streams flowing between or over solid surfaces. The cause 
of the instability is as yet not explained, but this much can be shown, 
that whereas lateral stiffness in the walls is unimportant, inextensibility 
or tangential rigidity is essential to the creation of eddies. I cannot 
show you this because the only way in which we can produce the 
necessary conditions without a solid channel is by a wind blowing over 
water. When the wind blows over water it imparts motion to the 
surface of the water just as a moving solid suriuce ; moving in this 
way, however, the water is not susceptible of eddies. It is unstable, 
but the result of disturbance is waves. This is proved by an experi- 
ment long known, but which has recently attracted considerable notice. 
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If oil be put on the surfece it spreads out into an indefinitely thin 
sheet which possesses only one of the characteristics of a solid surface, 
it offers resistance, very slight, but still resistance to extension and 
contraction. This, however, is suf&cient to entirely alter the character 
of the motion. It renders the water unstable internally, and instead 
of waves, what the wind does is to produce eddies beneath the sur- 
face. This has been proved, although I cannot show you the experi-> 
ments. 

To those who have observed the phenomena of oil preventing 
waves, there is probably nothing more striking throughout the 
region of mechanics. A film of oil so thin that we have no means 
of illustrating its thickness, and which cannot be perceived except by 
its effect — which possesses no mechanical properties that can be made 
apparent to our senses — is yet able to entirely prevent an action 
which involves forces the strongest wo can conceive, which upset our 
ships and destroy our coasts. This, however, becomes intelligible 
when we perceive that the action of the oil is not to calm the sea by 
sheer force, but merely, as by its moral force, to alter the manner of 
motion produced by the action of the wind from that of the terrible 
waves upon the surface into the harmless eddies below. The wind 
throws the water into a highly unstable condition, into what morally 
we should call a condition of great excitement. The oil by an 
influence wo cannot perceive directs this excitement. 

This influence, though insensibly small, is however now proved of 
a mechanical kind, and to me it seems that the phenomenon of one 
of the most powerful mechanical actions of which the forces of nature 
are capable, being entirely controlled by a mechanical '^orce so 
slight as to be otherwise quite imperceptible, does away with every 
argument against the strictly mechanical sources of what we may 
call mental and moral forces. 

But to return to the instability in parallel channels. This has 
been the most complete, as well as the most definite result of the 
oolour-bands. 

The circumstances are such as to render definite experiments 
possible. These have been made, and reveal a definite law of the 
mstability, which law has been tested by reference to all the nume- 
rous and important experiments on the resistance in channels by 
previous observers ; whereupon it is found that waters behave in 
exactly the same manner whether the channel, as in Poiseui lie’s e:q>eri- 
ment, is of the dimensions of a hair or whether it be the size of a 
water main or of the Mississippi; the only difference being that 
in order that the motions may be compared, the velocity must be 
inversely as the diameter of the pipe. But this is not the only 
point explained if we consider other fluids than water. Some duids, 
like oil or treacle, apparently flow more slowly and steadily than 
water. This, however, is only in smaller channels; the critical 
velocity increases with the viscosity of the fluid. Thus, while water 
in comparatively large streams is always above its critical velocity, 
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and the motion always sinuous, the motion of treaclo in streams 
of such size as we see is below its critical velocity, and the motion 
direct. But if nature had produced rivers of treacle the size of the 
Thames, for instance, the treacle would have flowed just like water. 
Thus, in the lava streams from a volcano, although looked at close 
the lava has the consistence of a pudding, in the large and rapid 
streams down the mountain sides the lava flows as freely as water. 

I have now only one circumstance left to which to ask your 
attention. This is the effect of curvature of the stream on the 
stability of the fluid. 

Here again wo see the whole effect altered by very slight causes. 

If water be flowing in a bent channel in steady streams, the 
question as to whether it will be stable or not turns on the variation 
in the velocity from the inside to the outside of the stream. 

In front of the lantern is a cylinder with glass ends, so that the 
light passes through in the direction of the axis. The disk Wf light 
on the screen being the light which passes through this water, and is 
bounded by the circular walls of the cylinder. 

By means of Ito tubes temporarily attached, a stream of coloured 
water is introduced right across the cylinder extending from wall to 
wall ; the motion is very slow, and the taps being closed, and the tubes 
removed, the colour-band is practically stationary. The vessel is now 
caused to revolve about its axis. At first, only the walls of the cylinder 
move, but the colour-band shows that the water gradually takes up 
the motion, the streak being wound off at the ends into a spiral 
thread, but otherwise remaining still and vertical. When the spirals 
meet in the middle, the whole water is in motion, but the motion is 
greatest at the outside, and is therefore stable. The vessel stops, and 
gradually stops the water, beginning at the outside. If the motion 
remained steady, the spirals would unwind, and the streak be restored. 
But the motion being slowest at the outside against the surface, you 
will see eddies form, breaking up the spirals for a certain distance 
towards the middle, but leaving the middle revolving steadily. 

Besides indicating the effect of curvature, this experiment really 
illustrates the action of the surface of the earth on the air moving 
over it ; the varying temperature having much the same influence as 
the curvature of the vessel on stability. The air is unstable for a few 
thousand feet above the surface, and the motion is sinuous, resulting 
in the mixing of the strata, and producing the heavy cumulus clouds ; 
but above this the influence of temperature predominates, and clouds, 
if there are any, are of the stratus-form, like the inner spirals of 
colour. But it was not the intention of this lecture to trace the two 
manners of motion of fluids in the phenomena of Nature and Art, so 
'I thank you for your attention. [0. B.] 
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Wabben Db La Bub, Esq. M.A. D.C.L. F.B.S. Manager and 
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Willoughby Smith, Esq. M.BJ, 

VoltOrElectric and MagnetchElectric Induction, 

Thb subject which I shall bring before your notice this evening is 
“ Volta-Electric and Magneto-Electric Induction ” ; and I propose to 
describe some of my experiments in connection with this phenomenon 
in electricity and magnetism, which was discovered, named, and for 
forty years fostered within this very building by our universally 
esteemed and beloved Michael Faraday. 

It is now thirty years ago that Faraday gave me my first lesson in 
Volta-Electric Induction, at the same time impressing upon me the 
fact that physical science must ever be progressive and corrective, and 
that he was always pleased to learn that his experiments had been 
repeated by others, with a view to their verification or correction. In 
the remembrance of this, 1 have felt encouraged in coming Jjpforc you 
this evening. 

Doubtless all present are familiar with the fact, that about 1819 
Professor Oersted made 'a discovery which has done much to advance 
our knowledge with regard to electricity and magnetism. This 
discovery arose from a very simple experiment, but it is none the less 
valuable on that account. I will now repeat this experiment, as the 
result obtained will lead up to, and enable you to better undci stand 
what I may show later on. Here is a length of copper wire, from the 
top surface and centre of which projects a metal pin, having, balanced 
on its point, a magnet. The position of the steel magnet is, as you 
perceive, parallel with the wire ; and that position being north and 
south, it will thus remain until, by pressing down this spring, the 
length of copper wire is placed in metallic circuit with this battery, 
and you observe that the magnet immediately has a tendency to place 
itself at right angles to the copper wire, remaining thus displaced 
until the current ceases to flow, when the needle again obeyf the 
influence of terrestrial magnetism, and returns to its former posjtion. 
This was Oersted's experiment which led to the discovery that all 
bodies possess the qualities of a magnet whilst a current is passing 
through them. From this fact Faraday conceived the idea thal^ if a 
simile length of copper wire were placed parallel with the former 
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ono, and close to it, each time the circuit was made or unmade there 
would be an induced current flowing in this wire, provided it was part 
of a closed metallic or otlicr conducting circuit. The first experiment 
was not successful, for the simple reason that the galvanometer was 
not sufliciently sensitive to bo visibly affected by tlic very small 
current induced in so short a length of wire as that with which he 
made tlie experiment; nor was he prepared to find that induced 
currents were of such momentary duration. But failures with Faraday 
were merely stepping-stones to success ; he repeated the experiments 
with spirals of insulated wire, instead of straight wires parallel to each 
otlicr, thus getting comparatively long lengtlis in close proximity. By 
these means he gained the object of his search, the result of which 
he called “ Volta- Electric Induction.” Through the kindness of Dr. 
Tyndall, I hav(i here the identical spirals which were made and used 
by Faraday on that memorable occasion. One of these Faraday con- 
neet(‘d in circuit witli a galvanometer, and placed it on top of the other 
spiral, through whi<;h intermittent currents from a battery wei’c sent 
at fixed intervals. On “ making ” the battery circuit, ho noticed that 
the needle of, the galvanometer was deflected in one direction, and on 
broiking the circuit, the needle was again deflected, but in the opposite 
direction. Faraday saw, in his mind’s eye, each particle of the circuit 
tlirough which the current w'as passing, acting as a centre of force, 
emitting its lim's far from it, yet each of tlicsc lines returning to its 
own source ; he in conse(pience made vi series of experiments, by 
placing various substances in the path of the lines of force, to ascer- 
tain whetlier the y would in any way be afflicted or intercepted by the 
substances so placed. For instance, he found that they w'erc sensibly 
affected by iron, but with copper no satisfactory otlects were perceived, 
altliough he fidt sure tlie c(»pper did in some way influence them, but 
so inip(‘rcoptibly that ho was unable to tlutect it. It was this con- 
victi(ui, and the doubt by Faraday of the result of his experiment 
witli regard to copper, wliich led me to i xpcrimcnt in this direction. 
My apparatus aud its arrangemeuts being somewhat different from 
Fariwlay’s, I will more fully describe them. Here arc two flat spirals 
of fine silk-covered copper wire, about twelve inclics in diameter, 
susjiended spider-web fashion in separate fi*ames, the two ends of each 
spiral l)cing attached to terminals at the base of its own frame. These 
two spirals, which are marked respectively A and B, will now be 
placed a definite distance apart, and comparatively slow reversals from 
a battery of ten cells sent through spiral A. You will see the amount 
of the current induced in B by observing tho deflection on the scale of 
the mirror reflecting galvanometer, which is in circuit with that spiral. 
These inductive effects vary inversely as the square of tho distance 
between tho two spirals when parallel to each other ; tho induced 
current in B being also proportional to the number of reversals of 
the battery current passing through spiml A, and also to the strength 
of tho inducing current. Spiral A is so connected that reversed 
currents, at any desired speed per minute, can be passed through it 



LIBRARY OF SCIENCE 


302 

from a battery ; B is so connected to the galvanometer and a reverser 
as to show the deflections caused by the induced currents, which are 
momentary in duration, and, in the galvanometer circuit, all on the 
same side of zero ; for, as the battery current, on making contact, 
produces an induced current in the reverse direction to itself, but in 
the same direction when broken, of course the one would neutralise 
the other, and the galvanometer remain unaffected. To obviate this, 
the galvanometer connections are reversed with each reversal of the 
battery current, and thus a steady deflection is produced. 

Perhaps, for the information of thoso not acquainted with the con- 
struction of a galvanometer, I ought to explain it more fully. The 
one 1 am about to use consists of a coil of very fine silk-covered 
wire, in the centre of which is suspended a very small magnet ; the 
ends of the coil of wire and the ends of spiral B are connected re- 
spectively together, thus forming a metallic circuit, one part of which 
is wound into a coil and the other into this spiral. Call to mind 
Oersted’s experiment, and it will bo readily understood that when a 
current of electricity is flowing in this metallic circuit, the magnet 
will be influenced in magnitude according to the amount of current 
thus flowing. The movements of the magnet, however, would bo too 
small to be seen unless watched very closely ; therefore fixed to it is 
a very small concave mirror, on to which a beam of light from the 
lamp is thrown, and the mirror reflecting this on to the scale, will, [ 
hope, enable all to see that somewhat broad beam move in accord- 
ance with the movements of the magnet. Eevorsed currents at the 
8j>ced of 100 per minute will now bo passed through spiral A, and 
you will observe that the induced currents in B give ab#ut 28 
divisions on the scale of the galvanometer : wo will note this on tho 
black-board. Now, wo place this plate of iron midway between the 
two spirals, and you observe the deflection on the scale is reduced to 
about one-half, or in round numbers to 15, showing clearly that the 
presence of tho iron plate has in some way influenced tho previous 
effects. Wc now remove the iron, when you sec tho deflection re- 
turns to its original amount of 28 divisions ; and if I now interpose 
a similar sheet of copjjer, tho interposition docs not alter tho deflec- 
tion. The results of this experiment are therefore os follows : — 

Speed = 100 reversals per minute. 

Induced current = 28® deflection. 

Iron interposed =15® „ 

Cop|)er „ = 28® „ 

I may bore state that, up to this point, the results of my experimenits 
confirm those of Fanulay, viz. that all dielectrics and diamagnetic 
metals appear in no way to interrupt or interfere with the lines pf 
force. 

Now, lot us repeat this experiment with tho speed of the reversals 
increased ten times, or to 1000 per minute ; the spirals are in tho same 
position as before, and the deflection is now al)out 86. I have already 
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said that the induced current is in direct proportion to the speed of 
the reversals, the battery and spirals remaining the same. It might 
therefore cause confusion were 1 not to explain that the deflection 
would be ton times as great as it was with the lower speed of reversals, 
but that the scale of the galvanometer not being sufiSciently long to 
record this high deflection, we have what is termed “ shunted ” a part 
of the current ; that is to say, between the two ends of the galvano- 
meter coil we have inserted a length of copper wire, so that the 
current, on arriving at one terminal of the coil, divides, part going 
through the coil of the galvanometer, and the rest through the shunt; 
the two currents reunite at the other terminal of the galvanometer. 
By varying the resistance of the shunt, therefore, the desired amount 
of the current can be sent through the galvanometer. In this case 
sufficient current passes to keep the beam of light just on the scale at 
about 86 divisions. We now interpose the sheet of iron as before, 
and you see the deflection falls as before to about one-half. We with- 
draw the iron and the deflection returns to its former amount of 86. 
We now interpose the copper, when the deflection, instead of remain- 
ing stationary, . ns in the former experiment, actually falls to 17. 
We now obtain the following results, viz. : — 

Speed = 1000 reversals per minute. 

Induced current = 86° deflection. 

Iron interposed = 40° „ 

Copper „ = 17° „ 

Now, the question arose, why does copper, at the low speed of the 
reversals, apparently have no eftect, while at the higher speed it plays 
so important a part in intercepting the lines of force ? The only 
solution of the phenomenon which suggested itself to me was that 
the lines of force have first to polarise the molecules of substances 
placed in their path before they can pass through them, and in this 
process time is a very important element to be considered ; for in- 
stance, at the slow speed there is sufficient time between the reversals 
for the copper to polarise before the next reversal takes place ; 
whereas at the high speed the copper plate is unable to fully polarise 
before the next reversal arrives, end then the two induced effects 
partly blend, and being opposite in direction tend to cancel each 
other. Now, if this really bo the case, the higher the speed the less 
should be the proportional deflection when experimenting with copper. 
The time at our disposal this evening will not allow of accurate 
measurements, or of other substances being experimented upon, but 
careful and reliable measurements have ^en made, the results of 
which are shown on the sheet before you marked 1. It vnll be seen 
by reference to these results that the percentage of inductive ener^ 
intercepted does not increase for different speeds of the reverser in 
the same rate with different metals, the increase with iron being very 
slight, whilst with copper the induced current sot up is so long in 
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duration that when the speed of the reyerser is at all rapid, the cur- 
rent not having tinie to exhaust itself before the galvanometer is 
reversed, tends to produce a lower deflection. If the speed of the 
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roverser is farther increased, the induced current is received on the 
opposite terminal of the galvanometer, and thus a negative result is 
obtained. 

My next object was to verify, if possible, by a different system of 
experiment, the correctness of this theory, and I could think of no 
better arrangements than those used by Faraday in some of his 
experiments on Magneto-Electric Induction. I was not, however, 
encouraged to proceed in that direction ; for if my theory were 
correct, the .results published by Faraday could not be so ; and know- 
ing what a careful experimentalist he was, I could not doubt that 
he was right. After long and careful thought on the subject, 1 
ventured, however, to repeat some of his experiments, and I will 
again repeat them before you presently. 

About sixty years ago Arago made the discovery in Electrical 
Science, that if a plate of copper bo revolved close to a magnetic needle, 
or magnet suspended in such a way that the latter may rotate in a piano 
parallel to the former, the magnet tends to follow the motion of the 
plate ; or if the magnet be revolved the plate tends to follow its motion. 
This simple apparatus will bettor illustrate the experiment. Hero 
is a copper plate one-tenth of an inch thick, and seven and a half 
inches in diameter, fixed to a vertical spin^e and enclosed i^ a 
wooden case having glass cover ; beneath the copper plate i$ a 
small grooved pulley around which passes an endless band ; the b$nd 
also passing round this horizontal wheel to which a handle is fi:i^, 
so that it may be conveniently revolved. A small brass disc is hero 
provided, in the centre of which is fixed a pointed steel pin, and on 
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this pin is balanced a steel magnet. 1 will place this on the glass 
cover over the centre of the copper plate,. Now, if the copper plate 
be made to revolve, you will see that the magnet will revolve also in 
the direction of the copper disc. There it goesl No doubt you 
observed how sluggish its movements were at first, and that it was 
some time before it followed the movements of the disc ; this was 
owing to the attraction of the earth’s magnetism on the magnet, which 
held it in bondage until the speed of the disc was sufficient to over- 
come its attraction, then, once released, how merrily it appeared to 
obey the influence of a superior power. The disc now being at rest, 
the needle has returned into bondage ; but if I judiciously use tho 
influence of this magnet to partially neutralise the influence of the 
earth’s attraction, you will observe how much more quickly it obeys 
tho influence of the mysterious power of tho revolving disc. There 
it goes I Apparently more readily than before. Were I lecturing on 
moral philosophy, I certainly should make use of tho similes which 
might bo drawn with advantage from experiments with this simple 
instrument ; but my subject being of a different nature, I will resume 
without further digression. If the order were reversed and the magnet 
revolved, tii© copper disc would act in tho same way as the magnet 
has just done. This is the phenomenon discovered by Arago, who 
also assorted that the effect takes place, not only with all metals, but 
with all substances. On this latter point there has always been a 
difference of opinion between experimentalists who have endeavoured 
to verify Arago’s statement. As far as my experiments have gone, I 
have only obtained reliable results from good conductors of electricity ; 
but I believe that, theoretically, Arago is right ; for as all substances 
are, in a certain degree, conductors of electricity, it, I think, neces- 
sarily follows that we only want sufficiently sensitive instruments to 
develop the phenomenon, as Arago asserts, in every substance. It 
has been stated that all substances when subjected to a sufficiently 
strong magnetic force are found to give indications of polarity, and 
also, when magnetic force acts on any medium, whether magnetic, 
diamagnetic, or neutral, it produces within it a phenomenon called 
magneto-induction. If this bo the case it materially strengthens tho 
corroctnoss of Arago’s assertion. Arago’s discovery that copper, a 
non-magnotic metal, was influenced by a rotating magnet, or that 
a magnet was, in tho same way, affected by a rotating disc of copper, 
was looked upon at the time as a remarkable and new phenomenon in 
induced magnetism by philosophers both in England and other 
countries ; but it was Faraday who, by the assistance of his know- 
ledge of the evolution of electricity from magnetism, gave tho true 
solution, by proving it to bo tho effect of electrical currents induced 
in tho disc on account of its motion in a magnetic field. He not only 
proved by simple experiments tho correct interpretation of the phe- 
nomenon, but ho saw the way to making tho discovery of Arago a 
now source of electricity, not despairing, by tho aid of his knowledge 
of torrostrial-magneto-iuduction, of being able to construct a new 
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magneto-electric machine. For this purpose he arranged an apparatus 
similar to the one 1 have here, which is simply a permanent magnet, 
so fixed that discs of metal or other substances can be rotated 
between its poles. Two wires leading one from each terminal of a 
galvanometer were applied to any desired part of the revolving disc, 
and the defiections on the galvanometer noted. The first experiments 
were made with a very large compound permanent magnet, and with 
what would now be termed a quantity astatic galvanometer. His 
discs of metal were twelve inches in diameter, and about one-fifth of 
an inch in thickness, fixed upon a brass axis. Ho experienced diffi- 
culty in making contact between the terminals of the galvanometer 
and the edge and other parts of the revolving disc, as also in main- 
taining uniform velocity of rotation. With a tnuch smaller magnet 
and a more sensitive galvanometer, the results were more striking. 
Thus, with his accustomed simplicity, ho demonstrated the production 
of a permanent current of electricity from an ordinary magnet, nt the 
same time asserting that with powerful magnets and rapid rotation of 
a copper disc, very strong currents would be produced. What a 
wonderful lesson this apparently simple machine teaches, for it is 
able to exert the power, which has its origin within itself, on external 
matter, without in any way exhausting or diminishing that power I 
The apparatus that I employed for my exi>erimcnts is the same 
that I shall use this evening. On this stand is fixed an electro- 
magnet, the poles of which are so placed that the rim of the disc 
under experiment can be freely revolved between them. The cores 
of the electro-magnet are 1*75 inch in diameter, and are wound 
with twelve layers of silk-covered copper wire of liigh conductivity, 
•028 of an inch in diameter, each layer liaving sixty-one turns ; each 
core has 732 turns, making a total of 1464 turns on the two poles. 
The total resistance of the wire is 13*75 Ohms, and through this flows 
the current from twelve Leclanche cells. The same galvanometer is 
used as in the other experiments, being brought in circuit with the 
disc by moans of the axis on which tho disc revolves, and a metal 
brush which forms a rubbing contact on the rim of the disc ; this, 
working on a fixed centre, can be readily shifted to any part of tho 
circumference of tho revolving disc. The disc is revolved by this 
cone-shaped pulley, worked lathe fashion, and connected by an endless 
band to a small grooved pulley fixed on the same axis as the metal 
disc. We will now make a few experiments with the copper disc, 
which is now revolving at tho speed of 1000 revolutions per minute, 
and the connections are so made that tho current will be taken from 
the xim of the disc just as it passes between tho poles of tho incignet. 
On pressing this spring the circuit is completed, and you obser^ the 
effect of the ourreiit on the scale of the galvanometer ; it is |bout 
100 divisions. We will now remove tho contact to about ouo-f0urth 
of the diameter of the disc or top position, so that tho current will 
be taken at that distance from the poles of the magnet as tho disc is 
approaching the poles ; now, on completing the circuit, you observe 
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tbe deflection is reduced to about fifteen diyisions. The contact will 
now be removed to the opposite side, or bottom position of the disc, 
so that the current will be taken at the same distance from the poles, 
but after that part of the disc has just passed between them ; on 
completing the circuit you see the deflection has increased to 83 
divisions. Lot us note these results as follows : — 
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Copper. 


33 

Wo will now replace the copper disc with one of iron, and repeat 
precisely the same experiment. We find that the current from 
position A is so great that it is necessary to insert a resistance of 
500 Ohms in the circuit to bring the beam of light on to the galvano- 
meter scale : as before shown, by means of inserted resistance we can 
obtain any desired deflection. It is now about 98, and that we will 
take as the right measure at A. Wo take the top position, or B, and 
you observe that the deflection is only 7 divisions ; the connection is 
now placed at position C, or bottom part, and we get but vciry little 
more current as the deflection is only increased by one division. The 
results with iron are therefore as follows 
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If we compare the results of tlicse experiments wdth those obtained 
witli the same metals in volta-clectric induction, wo see that iron 
remains fairly uniform in its results in both cases, but that copper 
behaves differently. You must not, please, take the figures given as 
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being absolutely correct, tlio 
experiments having been 
somewhat hurriedly made, 
and merely given with the 
view of enabling you to 
understand the results of 
carefully-made experiments 
with various metals. These 
results are graphically 
shown on the large sheet 
suspended before you, 
marked 2 ; and, as the 
measurements are to scale, 
they can be compared 
directly with each other. 
The large circles represent 
the revolving discs, the 
small ones show the position 
of the poles of the electro- 
magnet, and the arrows the 
direction of rotation. The 
coloured portions show the 
electro - motive force at 
every point round the re- 
volving disc ; thus in every S 
case the strongest point is, ^ 
as might be expected, 
directly in front of the 
poles of the exciting mag- 
net, the strength gradually 
fading from thence on either 
side. The blue portions 
show the excess of inductive 
effect there produced, rela- 
tively to a point equidistant 
from the magnetic poles, but 
on the opposite side. If the 
current set up in the metal 
simply depended upon the 
intensity of that part of 
tho magnetic field through 
w hich the metal was passing, 
then equidistant points on 
either side of tho magnetic 
poles should produce equal 
deflections, because the 
ma^etic intensity is equal ; 
on inspecting tho diagrams. 
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however, it appears as if a very sluggish inductive effect were produced 
in the diamagnetic metals of high conductivity, the sluggishness 
increasing with the conductivity of the metal, as though the atoms 
took a comparatively long time to accommodate themselves to the 
changes in the magnetic field through which they were passing. 
This, I think, confirms the theory I have ventured to advance with 
respect to copper while under the influence of induction. 

If, as in the case of volta-electric induction, the lines of force are 
generated too quickly; or, as in the case of magneto-electric induction, 
the diamagnetic body passes too quickly through the magnetic field ; 
the atoms of the substance, in each case, have not time to polarise with 
sufficient rapidity to radiate in the same time or place as when 
influenced more slowly by this force. This would account for the 
apparent interruption of the lines of force by the copper plate in the 
volta-electric experiments, and also for the “drag” or retardation on 
the disc of the same metal, as shown by the blue colour in the diagram 
whilst part of it is passing quickly through a magnetic field. That 
being the case, it is easy to perceive that a speed of the copper disc 
might be attained at which the current would be w^7, through the 
atoms being unable to polarise in the allotted time. Not so with 
magnetic metals, as iron or nickel, in each of which the atoms appear 
to bo very susceptible to magnetic influences, and to polarise very 
quickly, as shown by the way in which part of the disc is affected 
just before entering the poles, as indicated by the blue colour in the 
diagram marked 3. 


I’lATE 3. 



The atoms must as quickly depolarise, as you perceive there is but 
very little of what I have termed “ drag ” in those metals. The con- 
sequence of this is, that with iron the amount of current is nearly in 
direct proportion to the speed of the disc ; whereas with copper the 
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increase is very small, the current produced by the two metals being 
as 1 to 7, at a speed of about 1300 revolutions per minute. The 
higher the specific conductivity of the diamagnetic metal, the greater 
the “ drag,” and consequently the loss the current at the poles, this 
being more manifest at the high speeds, which does not, however, 
agree with the results obtained by Faraday, for he found that the 
currents were proportionate in strength to the conducting power of 
the bodies experimented with, or, in other words, that the higher the 
conductivity the greater the current, wheroas I find the reverse to be 
the case, as shown on the diagram before you. 

Faraday also obtained much better results from copper than from 
iron, and thus he recommended copper for his new magneto-electric 
machine. Here, again, my results do not agree with his, for 1 find 
that iron gives much bettor results than copper, as shown on the 
diagram ; and also that iron has the advantage that the current in- 
creases almost in direct proportion to the speed, whereas copper does 
not ; in fact, as already stated, a speed might be obtained at which 
copper would give no current. 

Faraday, in summing up the results of his experiments on Arago’s 
phenomenon, says : “ Nothing can be more clear, therefore, than that 
with iron and bodies admitting of ordinary magnetic induction, 
opposite poles on opposite sides of the edge of tho plate neutralise 
each other’s effects, while similar poles exalt the action. But with 
copper, and substances not sensible to ordinary magnetic impressions, 
similar poles on opposite sides of the plate neutralise each other, and 
opposite poles exalt the action.” Perhaps you will more readily grasp 
the subject by reference to tho diagram marked 4, in whiclti^P repre- 
sents the plates of metal, and the other letters the respective poles of 
the magnet and their position. 


Plate 4. 

FARADAY. RESULTS OF MY EXPERIMENTS. 



Here again it will be seen that the results obtained by me are opposed 
to those given by Faraday. 1 have given the actual figures obtedned 
in my experiments, and it will bo seen that tho only difference between 
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the metals copper and iron is that iron gives the higher current of the 
two, as it has done in all my experiments. 

I have no doubt that we should bo able to get approximately 
near for all practical purposes to the relative conductivity of metals 
by revolving discs of the metal under test in a magnetic field, and 
measuring the amount of current between the poles or the amount of 
“drag.” The results given on diagram 5 show how suitable the 
method also is for obtaining the saturation point of the cores of electro- 
magnets, whether of (liffcrent qualities of iron or different metals. 
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Very recently an Electrical Congress, held in Paris, agreed to an 
universal system of electrical units. I believe the value of some of 
the units to be adopted was determined by passing masses of metal at 
varying velocity through a magnetic field of uniform intensity, and 
noting tlio amount of current so produced, I understand that the 
results obtained by different experimentalists did not agree, and from 
what I have shown you this evening, you will readily understand the 
reason of the discrepancy. To obtain accurate results the influence 
of what I have called “ drag” must certainly be taken into the calcu- 
lations as an important factor. There are other matters to which I 
attacli importance connected with the experiments I have endeavoured 
to make clear to you, csi>ccially with those on magneto-electric induc- 
tion, which I publish for the first time this evening ; but of the many 
good rules of this Institution, there is one which does not allow me 
to tax your patience for more than one hour, and, as 1 have already 
exhausted that time, I must not detain you longer, except to thank 
you, which I do most sincerely, for the kind attention you have given 
to my humble endeavours to advance our knowledge of volta-electric 
and magneto-electric induction. 

[W.S.] 




Friday, Jane 13, 1884, 

Wabbem Db La Eob, Esq. M.A. D.C.L. F.R.S. Manager and Vice- 
President, in the Chair. 

Professor James Dewar, M.A. F.R.S. MM.L 
Besearches on Liquefied Oases.* 

The two Russian chemists, MM. Wroblewski and Olzewski, who have 
recently made such a splendid success in the production and main- 
tenance of low temperature, have used in their researches an enlarged 
form of the well-known Cailletet apparatus ; but for tho purposes of 
lecture demonstration, which necessarily involves tho projection on a 
screen of the actions taking place, tho apparatus represented in tho 
annexed woodcut is more readily and quickly handled, and enables 
comparatively large quantities of liquid oxygen to be produced. Tho 
arrangements will bo at onco understood on looking at tho figure, 
which is taken from a photograph. The oxygen- or air-reservoir, C, 
is made of iron ; it contains gas compressed for convenience to 150 
atmospheres, A is the stopcock for regulating tho presswe of tho 
gas in the glass tube F, and D is the pressure-manometer, tho fine 
copper tube which connects tho gas-reservoir and tho glass tube, F, 
being shown at I. The air-pump gauge is marked J, the tube leading 
to the double oscillating Bianchi being attached at H. Tho glass 
test-tube O, which contains the liquid ethylene, solid carbonic acid, or 
liquid nitrous oxide, which is to bo boiled in vacuo, is placed in the 
middle of a larger tube. It has holes, shown at E, in the upper part, 
so that the cool vapours in their course to the air-pump aro forced to 
pass round the outside of tho vessel and help to guard it from external 
radiation. The lower part of the outer cylinder is covered with pieces 
of chloride of calcium, shown at K. If a thermometer is used and a 
oontinuous supply of ethylene maintained, tho indiarubber cork 
through which the tube F passes has two additional apertures for 
the purpose of inserting tho respective tubes. When the pump has 
reduced the pressure to 25 mm., tho ethylene has a temperativo of 
about — 140° C. ; a pressure of between 20 and 30 atmospheres is^then 
sufficient to produce liquid oxygen in the tube F. Tho tube F is 
5 mm. in diameter and about 3 mm. thick in tho walls, and Ivhen 


♦ See Professor Dowar^s discourse on the Liquefaction of Oases. — * Proceedings * 
of the Royal Institution, vol. viii. p. 657. 
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filled with fluid oxygon (for projection) holds at least 1*6 onbio 
centim. With such a quantity of fluid oxygen it is easy to show its 
ebullition at ordinary pressures, and by means of a thermo-junction 
to demonstrate the great reduction of temperature which is attendant 
on its change of state at atmosiiheric pressure. 

Provided a supply of liquid ethylene can be had, there is no 
difficulty in repeating all the experiments of the Russian observers ; 
but as this gas is troublesome to make in quantity, and cannot be 
bouglit like carbonic acid or nitrous oxide, such experiments neces- 
sitate a considerable sacrifice of time. It was therefore with con- 
siderable satisfaction that I observed the production of liquid oxygon 



by the use of solid carbonic acid, or preferably liquid nitrous oxide. 
When those substances are employed and the pressure is reduced to 
about 25 mm., the temperature of —115° C. may be taken as that of 
the carbonic acid, and — 125^ G. as that of the nitrous oxide. As the 
critical point of oxygen, according to the Russian observers, is about 
— 113° C., both these cooling agents may be said to lower the tempera- 
ture sufficiently to produce liquid oxygon, provided a pressure of the 
gas above the critical pressure, which is 50 atmospheres, is at 
command. In any case, however, the temperature is near that of the 
critical point ; and as it is difficult to maintain the pressure below 
about an inch of mercury, the temperature is apt to be rather above 
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the respective temperatures of —115° C. and —125° C. In order to 
get liquefaction conveniently with either of these agents, it is neces- 
sary to work at a pressure of oxygen gas from 80 to 100 atmospheres, 
and to have the moans of producing a sudden expansion when the 
compressed gas is cooled to the abovo-mentionod temperatures. This 
is brought about by the use of an additional stopcock, represented in 
the figure at B, During the expansion the stopcock at A is closed 
and the pressuro-raanometer carefully observed. No doubt liquid 
nitrous oxide is the most convenient substance to use as a cooling 
agent ; but as it is apt to got superheated during the reduction of 
pressure and l>oil over with explosive bursts of vapour, it is well to 
collect the fluid in a small flask of about 250 cub. centim. capacity, 
and to change it into the solid state by connecting the flask with the 
air-pump, and then to use the substance in this form. The addition 
of alcohol or ether to the solid nitrous oxide makos the body more 
transparent, and thereby favours the observations. 

It is evident that this apparatus enables the observer to determine 
the density of tho fluid gases condensed in the tube F ; since he has 
only to measure the volume of fluid in F, and to collect, by means of 
tho stopcock B, the whole volume of gas given by the fluid and 
condensed vapour, which gives an accurate determination of the total 
weight of substance distributed between fluid and vapour in the wliolo 
apparatus. The amount of substance which is required to produce 
the vapour is easily found by observing the vapour-pressure of the 
liquid gas before expanding it into gas for tho volume measurement ; 
and while keeping shut tho stopcock B, by opening A suddenly until 
this pressure is just reached and then instantly shutt oil’ tho 
receiver. If this volume of gas is now measured by opening B as 
before, the difference between the two volumes thus collected will 
correspond to the real 'weight of substance in the liquid state. A 
rough experiment with oxygen near the critical point gave the 
density 0*6o. 

As to the mo.st convenient substance for use as a cooling agent, I 
am still of 0 ])iuion that marsb-gas would be the best ; and I may 
take the opportunity of pointing out that tho employmenf of this 
body was suggested by me in a communication made to tho Chemical 
Section of the British Association in 1883. Tho following extract 
from ‘ Nature,* of October 4, 1883, will prove that my experiments 
with liquid marsh-gas were made a year in advance of those made 
recently by M, Cailletet * and M. Wroblcwski f : — 

“ Professor Dewar pointed out an important relation between tho 
critical temperatures and jiressurcs of volatile liquids and their 
molecular volumes. Tlio ratio of tho critical temperature tp the 


• “ Sur Ternploi dii Formeiic pour la production des tres basses tempefraturos,’* 
CtmpteM Rendufy June ls 81 . 

t 8ur Icfl propiictcf. du gn/ dea mnrnis liquidc, et sur aou cmploi tocume 
refrio'crant,” CoinptcB Rendus, July 21, 1881. 
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critical pressure is proportional to the molecular volume, so that the 
determination of the critical temperature and pressure of a substance 
gives us a perfectly independent measure of the molecular volumes. 
Prof. Dewar pointed out the great advantage of employing a liquid of 
low critical temperature and pressure such as liquid marsh-gas for 
producing exceedingly low temperature. He hoped to bo able to 
appioach the absolute zero by the evaporation of liquefied marsh-gas 
whoso critical temperature was less than —100'^ C., and whose 
critical pressure was only 39 atmospheres.’* 

I ought to mention that the marsh-gas used in my experiments was 
made by the action of water on zinc methyl, and was therefore very 
pure, and that the observed critical pressure was not 39 atmospheres, 
but 47 ’6. The following table gives the values of the ratio of the 
absolute critical tcmiicrature to the critical pressure in the case of a 
number of substances. Tlie values for ammonia, sulphuretted hydrogen, 
cyanogen, marsh-gas, and hydride of ethyl are new. 



T. 

Critical 

temperature. 

P. 

Critical 

prebsure. 

T 

P’ 

Chlorino 

. .. CL 

0 

141*0 

88*9 

5*0 

Hydrochloric acid .. 

. .. HCl 

52-8 

80 0 

3*7 

Oxygen 

.. 0 , 

-113*0 

.50*0 

3*2 

Water 

. .. H,0 

370*0 

195*5 

3*3 

Nitrogen 

.. N, 

-140*0 

85*0 

3*6 

Hydrogen sulphide 

. .. H.S 

100*2 

92*0 

4*0 

Ammonia 

. .. H 3 N 

180-0 

115*0 

3 5 

Dictliylamine .. 


220*0 

.88*7 

15*4 

Nitrous oxide 

. .. N„() 

8,>*4 

75*0 

4*1 

Sulphurous acid 

. .. SO. 

155*4 

78*9 

6*4 

Mar^h-gas 

.. CH, 

- 90 *5 

50*0 

3 5 

Acctvlcno 

. ... Odlj 

87*0 

C80 

4*5 

Ethylene 

. .. CM, 

10*1 

51*0 

5*5 

Ethyl hydride 

. .. c,iu 

85*0 

45*2 

6*8 

Amylone 

. .. Cdl.o 

191*6 

33*9 

13*7 

Uenzol 

. .. 

291*7 

60*4 

9*3 

Chloroform 

. .. CllCl, 

{ 208*0 

54*9 

9*9 

Carbon chloride 

. .. CCl, 

282*0 

57*6 

9*6 

Carbonic acid .. 

. .. CO 5 J 

81*9 

77*0 

4*0 

Bisulphide of carbon 

. .. cs^ 

277*7 

78*1 

7*0 

Cyanogen 

. .. CjNj 

121*0 

61*7 

6*4 


A glance at the last column of tho table shows that a large number 
of substances have at their respective critical temperatures simple 
volume relations. Thus hydrochloric acid, water, ammonia, and 
marsh-gas, the four chemical substances from which the great majority 
of chemical compounds may bo derived by processes of substitution, 
have nearly the same volume ; while tho more complex derivatives 
show an increased volume which bears a simple ratio to that of the 
typical body. As the critical pressures are not known with any great 
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accuracy at present, it would be useless to discuss the results with any 
severity. All that can bo inferred is that the subject is worthy of 
further investigation and promises important generalisation. Sarrau 
{Compt. Rend. 1882) deduced the critical temperatures and pressures 
of hydrogen, oxygen, and nitrogen by the application of Clausius* 
formula to the experiments of Amagat; and it is interesting to 
compare his results with the experimental values. 


Sarrau’s Calculated Values. 



T. 

Cntieal 

temperature. 

P. 

Cl itiertl 
pressure. 

T 

P* 

Hydrogen 

1 0 

-174 

98*0 

10 

Oxygen 

-105*4 

48*7 

3-4 

Nitrogen 

-124 

42*1 

3*5 


It will be observed that the calculated critical temperatures of 
oxygon and nitrogen are remarkably near the truth, being respectively 
8® and 22° too high. On the other hand, the values of the ratios of 
the calculated critical temperatures and pressures are almost identical 
with those obtained by direct experiment. The only peculiarity to 
be noted is in the case of hydrogen, which has such a high critical 
pressure, and therefore leads to a remarkably small molecular volumo 
at the critical point. If the values of the T-f-I^ ratio Ixi,, taken as 
proportional to the molecular volumes, then it is easy to infer the 
densities of the fluids at their respective critical temperatures, pro- 
vided the density of one* standard substance is known by experiment. 
The simple formula thus stated is 

S' , W' ^ V 

s w w 

where S and S' are the specific gravities of two bodies, W and \V' 
their molecular weights, and V and V' their molecular volumes. It 
will be convenient to take the density of carbonic acid at the critical 
point as the standard density to which the others can be roforred. 
The density of carbonic acid under such conditions may be taken as 
0*65. Calculating with the above formula, the density of acetylene 
would be 0*32, whereas the experimental number of Ansdoll is 0*36. 
In the same way the density of hydrochloric acid is found * to be 
0*6, the true value Joeing 0 * 61. The density of oxygen would b^ 0 * 63> 
and that of nitrogen 0 * 45. The calculated density of hydrogen at its 
critical point would be 0* 12, if we assume the correctness of Surrau’s 
values for the critical temperature and pressure. Wo may compare 
these values with the numbers obtained by Cailletot and Ilautofouille 
for the densities of oxygen, nitrogen, and hydrogen from their 
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experiments on the density of liquid oarbonic acid obtained from 
mixtures of this body with these gases. At the temperature of 0° C. 
the experiments found for oxygen, nitrogen, and hydrogen the 
respective values of 0 * 65, 0 • 37, and 0 * 026. It seems that the calculated 
values for oxygen and nitrogen are not very far wrong ; but hydrogen 
is clearly incorrect. The explanation of this anomaly is probably to 
be found in the fact that the calculated molecular volume of hydrogen 
is wrong, and that instead of being unity on our scale it ought to be 
3 * 5 like oxygen and nitrogen. In fact, the chemist would infer that, 
as the difference in the complexity of the molecular structure of 
hydrochloric acid, water, ammonia, and marsh-gas does not affect the 
molecular volume under the conditions we are discussing, in all 
probability the value for hydrogen would be identical with that of the 
above-mentioned bodies. If we adopt this view and change the value 
of the to 3’5, then the density of the fluid would become 0 * 034, 

which is in accordance with the experimental number of Cailletet and 
Hautefeuille. An accurate determination of the critical temperature 
and pressure of hydrogen, for which, judging from the success of the 
experiments of-l\f , Olzewski, chemists will not have to wait long, will 
thus be of great interest. 

[J. D.] 


HS--V0I3 M 



Friday, March 20, 1885. 


Sir Frkdeuiok Bramwell, F.R.S. Manager and Vice-President, 
in the Chair. 

Professor A. W. Rucker, M.A. F.RS. 

Liquid Films. 

The molecules in the interior of a liquid are surrounded on all sides 
by others which they attract, and by which tliey are themselves 
attracted, while those on the surface have neighbours on one side 
only. In consequence of this difference in their surroundings there 
is ill all probability a difference in the grouping of the interior and 
exterior molecules which is attended by corresponding variations in 
the physical })ropcrties of the liquid of wliich they are constituent 
parts. Thus it was shown by M. Plateau that the viscosity of the 
surface of a liquid is in general different from that of its interior. 
The most striking example of this phenomenon is afforded by a 
solution of saponme. Two per cent, of this substance dissolved in 
water does not effect any maiked change in the properties of the 
great mass of the liquid, but produces a most remarkable iucreaso in 
the surface viscosity, so that forces which suffice to create rapid 
motion in bodies which are completely immersed, fail to produce any 
appreciable movement if they lie in the exterior surface. The first 
attempt to obtain a numerical estimate of the difference of the resist- 
ances experienced by a body oscillating in turn in the interior and in 
the surface of the liquid was made about two years ago by Messrs, 
Stables and Wilson, students in the Yorkshire College. In the case 
of a horizontal disc suspended in water, the logarithmic decrement 
diminishes to about one-half as the surface is approached. In a 
sapouine solution, on the other hand, it is 125 times greater in tho 
surface than in tho interior, and about 38 times greater in the surface 
than at a depth of 0*1 mm. below it. Even in tho latter case tho 
greater part of tho resistance is due, not to the friction between the 
disc and tho liquid, but to that experienced by the supporting rod in 
the surface, so that in all probability tho surface viscosity is more 
than 600 times greater than that of the mass of tho liquid. 

The immense change in the resistance which takes place wheh the 
disc is immersed to a depth of O'l mm. only confirms the general 
opinion that any pcculiaiity of grouping or arrangement due to 
proximity to the surface extends to a very small depth. A liquid 
must thus bo conceived as surrounded by a very thin layer or skin, 
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the properties of which arc different from that of the Ih^iiid in the 
interior, and to which rather than to any ideal geometrical boundary 
the term surface might be applied. It may, however, prevent con- 
fusion if it is called the siirface-lmjer. 

Many attemiits liavo been made to measure the thickness of the 
surface-layer. In particular, M. Plateau studied a thinning soap film 
with the view of determining whether or no the pressure exerted on 
the enclosed air by the film when very thin is the same as when it is 
comparatively thick. Had any such difference been observed it might 
but have been taken as prima facie evidence that the tenuity was so 
groat that all the interior })ortions of the film had drained away, and 
that the thickness did not exceed tliat of the two surface-layers. 

This experiment has been criticised by Prof. Ilcinold and myself, 
but it is ]iot intended in tliis lecture to enter upon the general question 
of the thickness of the surface-layer, or the interesting theoretical 
problems which are closely connected with it, as wo are at present 
engaged in an investigation which we hope may throw further light 
upon the subjVct. There are, however, two preliminary questions on 
which wo have nrrivod at de finite conclusions. 

In any experiments which have for tlieir object the detection of 
small changes in tlie properties of a soap film as it becomes thinner, it 
is essential that we should bo able to assert with certainty that no 
causes other than the increasing tenuity have been in play, by wdiich 
the effect looked for might cither be produced or masked. Changes 
in the temperature or composition of the film, must especially bo 
prevented. 

The liquid ordinarily employed for such investigations is the 
“ liquido glyccriquo ” of M. Plateau. In dry air some of the water of 
which it is in part composed would evaporate, while in moist air, in 
consequence of the hygroscopic properties of the glycerine, additional 
water would bo absorbed. Though these facts were well known, and 
though they are evidently possible sources of error, no attempt (as 
far as I am aware) hod been made before our own to determine 
what precautions it was necessary to take to prevent the results ot 
experiments such as M. Plateau’s being affected by them. The first 
question then that we set ourselves to answer, was — to what extent is 
the composition of a soap film altered by changes in the temperature 
or hygroscopic state of the air which surrounds it ? 

The method adopted in answering this inquiry was to measure the 
electrical resistance of soap films formed in an inclosed space con- 
taining a thermometer and hair hygrometer. If the observations led 
to the conclusion that the resistance of film varied inversely as its 
thickness, they would prove that no change in composition had taken 
place, and that the film at the thinnest had afforded no evidence of an 
approach to a thickness equal to that of the surface-layers. If the 
specific resistance was found to vary according to some regular law as 
the thickness altered, thoro would be a strong presumption, that the 
thickness was not much greater than, and was possibly even loss than 
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that of tho two surface-layers. If, lastly, tho changes were irregular, 
they, might safely be ascribed to alterations in temperature or consti- 
tution. 

To obtain the desired facts it was necessary (1) to devise a method 
of forming tho films in a closed chamber, (2) to measure their thick- 
ness, and (3) to determine their electrical resistance. 

The films were formed in a glass box at the lower extremity of a pla- 
tinum ring which communicated by means of a tube with the out- 
side. In the earlier experiments a cup of tho liquid was raised by 
rockwork to tho ring and then withdrawn, leaving a film behind it. 
Tho latter was blown out by air which had been dried and passed 
through tubes containing “ liquide glyctu'ique.” When largo enough 
it adhered to a second platinum ring placed vertically below the first, 
and on some of the air being withdrawn it assumed the cylindrical 
form. 

The thickness was measured by means of the colours displayed, 
two independent determinations being obtained by two beams of light 
incident at difteront angles. Newton’s Table of Colours was re- 
vised, and it was found that tho difTerences between the thicknesses 
given by him and those determined by new experiment were far greater 
than tho error of experiment of a single observer. Hence, if accu- 
rate measurements are required by means of Newton’s scale, every 
experimenter must reconstruct that scale for himself. 

At first the electrical resistance was determined by means of 
Wheatstone’s Bridge. The edges of the film where it is close to its 
solid supports are often, however, the seat of phenomena which might 
affect the results. Thin rings of white or black appear \idiich alter 
the resistance considerably, and which introduce errors for which it is 
almost impossible to make any accurate allowance. This fact, com- 
bined with the advantage of avoiding errors duo to polarisation, and 
of being able to select any particular part of tho film for examination 
instead of tho whole, led us to adopt a different method. Gold wires 
attached to a movable support were thrust into tho film, and tho 
difference of potential between these when a current was passing 
through the film was compared with that between the extremities of a 
known resistance included in tho same circuit. 

The result of these observations was to prove that the specific 
resistance of the films altered in an irregular manner, varying between 
200 and 137 ohms per cubic c.m. A closer inspection showed that 
abnormal results were always accompanied by abnormal variations in 
the thermometer or hygrometer. When those films were selected which 
had been observed when such variations were especially small, it was 
found that the range of variation of the specific resistances wal only 
between 137 and 146, and that the mean value was 143, that ^f the 
liquid in mass being 140*5 (at the same temperature). It was also 
proved that between thicknesses varying from 1370 to 374 millionths 
of a millimetre, no regular change in specific resistance could be 
detected, the actual variations lying within 2 * 6 per cent. 
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The conclusion was thus arrived at that the specific resistance of 
the liquid of which a soap film is formed does not differ from that of 
the same liquid in mass, at all events when the thickness is greater 
than 374 x mm, and that comparatively small changes in the 
temperature or hygroscopic state of the air in contact with the film 
are attended with great alterations in the specific resistance, which 
indicate a considerable change in composition. 

The method of experiment made it possible to determine the 
amount of this change. Solutions were made up representing 
“ liquide glycerique ” which had lost or gained given percentages of 
water, their specific resistances wore determined at various tempera- 
tures, and approximate formulae obtained by which the percentage of 
water present could be calculated if the specific resistance and 
tem])eraturo were known. 

The results of the application of this method of analysis to a film 
are shown in the accompanying figure. The abscissee represent time, 
the ordinates of curve I. represent the average thickness of the film. 

Fig. 1. 



It will be observed that the film continued to got thinner during the 
whole time that it was under observation. The electrical observations 
however, proved that at first the product of the resistance and thick- 
ness steadily increased, indicating a continuous loss of water. Curve II. 
shows the number of parts of water in 100 of the solution lost at the 
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times indicated by the abscissce. After a while a piece of blotting 
paper which had been hung up inside the case was moistened with 
water. While this was being done the observations were interrupted. 
On their renewal it was found that although the film thinned as steadily 
as before, the product of the resistance and thickness diminished in- 
stead of increasing. Curve III. shows the steady absorption of water 
which followed the moistening of the air. These experiments proved 
that it is possible for a him to undergo great changes in composition 
without any indication of the fact being afforded by the colours it dis- 
plays. They show that if the composition of the “ liquido glycorique ” 
is to be kept constant, all change in the temperature and hygrometric 
state of the air must be as far as possible prevented, ''^n later experi- 
ments this condition has been secured by placing the him box in the 
centre of a water tank, and by keeping an endless band of linen hung 
up within the case, and which dips into the liquid, continually 
moistened. Observations made with this apparatus show that those 
precautions wliich are certainly necessary are also sufficient. 

The second point to which special attention has hitherto been 
given by Prof. Beinold and myself is the measurement of the thick- 
ness of very thin hlms. If the thickness is less than a certain magni- 
tude, the hlms appear black, and thus their colour gives only a limit 
to and not a measure of their thickness. Black hlms display many 
remarkable properties. In general there is a sudden change in thick- 
ness at the edge of the black indicated by the omission of several 
colours, or sometimes of ono or two orders of colours. It is only 
under rare conditions that a gradual change in thickness can be 
observed from the white to the black of the hrst order. 

To determine the thickness of the black its resistance was 
measured, and the thickness calculated on the asmmption thai ihe 
specific resistance was the same as that of the liquid in mass. 

The observations were made in several different ways and proved 
that the thickness of the black portion remains constant in any given 
him, however much its area may alter. Thus, in the case of a group 
of hlms measured by Wheatstone’s bridge, the average resistance of a 
black ring 1 mm. in breadth was I'TGl megohms when tho total 
breadth was 2 mm., and 1*760 megohms when tho total breadth lay 
between 10 and 12 mm. 

Again, the resistance of the part of the him between tho needles 
used in the electrometer method was practically the same when 
the black had extended over the whole him (40 mm. long) as it had 
been when only the upper 11 mm. were black. The hnal m^sure- 
ment differed from the mean by only 0 * 1 per cent. Again, in aiiother 
him the resistance of the black per millimetre remained the B|kme to 
within 2*5 per cent, for an hour and a half. 

On the other hand the experiments also proved that the thickness 
of the black was different in different hlms. The values found varied 
between 7*2 x 10”® and 14*2 x 10“® mm. Those differences are 
quite outside the possible error of experiment. If they were due to 
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changes in tlio constitution of the liquid of which the films were 
formed, it is very improbable that the specific resistance of individual 
films would not have shown progressive changes. As has been stated, 
none such were observed. The mean thickness of the five films made 
of “liquide glyc^riquo” which were observed was 11*9 x 10 "■® mm., 
while that of 13 films made of soap solution without any glycerine 
was 11*74 X 10"® mm. 

The assumption made in these calculations that the specific 
resistance of a film, the thickness of which is ten or twelve millionths 
of a millimetre, is the same as that of the liquid in mass, is not justi- 
fied by the previous experiments, which had proved it to hold good 
only to the much greater thickness of 370 X 10 "® mm. It was there- 
fore desirable to check the results by an independent method. For 
this purpose 50 or 60 plane films were formed side by side in a glass 
tube which was placed in the path of one of the interfering beams in 
a Jarain’s Interferential Refractometcr. The compensator was ad- 
justed so that it had to be moved through a large angle to cause one 
interference band to occupy the position previously held by its neigh- 
bour, i.e. to alter the difference of the paths of the interfering rays 
by one wave length. Tliis angle was determined for the red light of 
known wave lengtli transmitted by glass coloured with copper oxide. 
When the films had thinned to the black they were broken by means 
of a needle which had been included in the tube along with them, and 
which was moved, without touching the tube, by a magnet. The 
rupture of the films produced a movement of the interference fringes 
which was measured by the compensator, and from which, in accordance 
with well-known principles, the thickness of the films could be 
deduced. 

The mean thickness given by seven experiments on films made of 
“ liquide glycerique” was 10*7 X 10"® mm., that obtained from nine 
experiments on films made of soap solution was 12*1 x 10“®mm. 
The mean of these, or 11*4 x 10"® mm., differed only by 
0 *4 X 10 “® mm. from the mean thickness deduced from the electrical 
experiments. 

The last point to which reference is necessary is one which lies 
outside the main lino of the enquiries above described, but which is 
nevertheless not without interest. In the course of the observations it 
was noticed that the rate of thinning of a film seemed to be affected 
by the passage of the electric current through it. Some experiments 
made on this point last year proved the fact beyond the possibility of 
doubt. The current appears to carry the matter of the film with it, 
so that it thins more rapidly if the current runs down, and less 
rapidly if the current runs up than if no current is passing. This 
may be shown as a lecture experiment. 

A vertical rod which can be moved up and down by rackwork is 
passed through the centre of the cover of a glass film-box. To the 
lower extremity is attached a horizontal platinum wire, from which 
another similar horizontal wire is suspended by two silk fibres. A 
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film i8 formed by lowering the whole into the liquid with which the 
lower part of the vessel is flooded. The light reflected from the 
film is passed through a lens, and an imago formed upon a screen. 
When the bands of colour are seen descending from the upper part of 
the film a current from 50 Grove’s colls is passed through it. If the 
current flows downwards the bands of colour move more quickly than 
before ; if it flows upw'ards their motion is checked and they begin 
to ascend. The cause of this curious fact is still unknown. It may 
either be analogous to the phenomenon known as the “ migration of 
the ions,” or it may be a secondary effect due to a change in the sur- 
face tension. 

The general relation of the results attained in these investigations 
as to the question of the size of molecules is interesting. Sir William 
Thomson has expressed the opinion that 2 X 10”® mm. and 
0.01 X 10”® mm. are superior and inferior limits respectively to 
the diameter of a molecule. Van dor Waals has been led, from con- 
si ierations founded on the theory of gases, to give 0*28 x 10”® min. 
as .01 approximate value of the diameters of tho molecules of the 
gases of which the atmosphere is composed, Tho number of mole- 
cules which could be plnced side by side within the thickness of tho 
thinnest soap film would, according to these various estimates, bo 
4, 26, and 720 respectively. Tho smallness of tho first of these 
numbers, especially when it is remembered that tho liquid used on 
some occasions was of a highly complex character, containing water, 
glycerine and soap, points to the conclusion that the diameter of a 
molecule is considerably less than 2 x 10”® mm. 


[A. W. K.] 



Friday, January 29, 1886. 

William Huggins, Esq. D.C.L. LL.D. F.R.S. Vice-President, in the 

Chair. 

Sib William Thomson, D.C.L. LL.D. F.R.S. M.B.L 
Capillary Attraction. 

The heaviness of matter had been known for as many thousand years 
as men and philosophers had lived on the earth, but none had 
suspected or imagined, before Newton's discovery of universal gravi- 
tation, that heaviness is due to action at a distance between two 
portions of matter. Electrical attractions and repulsions, and mag- 
netic attract) and repulsions, had l>een familiar to naturalists and 
philosophers for two or three thousand years. Gilbeit, by showing 
that the earth, acting as a great magnet, is the efficient cause of the 
compass needle's pointing to the north, had enlarged people’s ideas 
regarding the distances at which magnets can exert sensible action. 
But neither he nor any one else had suggested that heaviness is the 
resultant of mutual attractions between all jmrts of the heavy body 
and all parts of the earth, and it had not entered the imagination of 
man to conceive that diflerent portions of matter at the earth’s 
surface, or even the more dignified masses called the heavenly 
bodies, mutually attract one another. Newton did not himself givo 
any observational or experimental proof of the mutual attraction 
between any two bodies, of which both are smaller than th(» moon. 
The smallest case of gravitational action which was included in the 
observational foundation of his theory, was that of the moon on the 
waters of the ocean, by which the tides are produced ; but his 
inductive conclusion that the heaviness of a piece of matter at the 
earth's surface, is the resultant of attractions from all parts of the 
earth acting in inverse proportion to squares of distances, made it 
highly probable that pieces of matter within a few feet or a few inches 
apart attract one another according to the same law of distance, and 
Cavendish’s splendid experiment verified this conclusion. But now 
for our question of this evening. Docs this attraction between any 
particle of matter in one body and any particle of matter in another 
continue to vary inversely as the square of the distance, when the 
distance between the nearest points of the two l)odics is diminished to 
an inch (Cavendish's experiment does not demonstrate this, but makes 
it very probable), or to a centimetre, or to the hundred-thousandth 
of a centimetre, or to the hundred-millionth of a centimetre? 
Now I dip my finger into this basin of water; you see proved 
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a force of attraction between the finger and the drop hanging from 
it, and between the matter on the two sides of any horizontal plane 
you like to imagine through the hanging water. These forces are 
millions of times greater than what you would calculate from the 
Newtonian law, on the supposition that water is perfectly homo- 
geneous. Hence cither these forces of attraction must, at very small 
distances, increase enormously more rapidly than according to tho 
Newtonian law, or the substance of water is not homogeneous. We 
now all know that it is not homogeneous. The Newtonian theory of 
gravitation is not surer to us now than is the atomic or molecular 
theory in chemistry and physics ; so far, at all events, as its assertion 
of heterogeneousness in the minute structure of matter apparently 
homogeneous to our senses and to our most delicate direct instru- 
mental tests. Hence, unless wo find heterogeneousness and tho 
Newtonian law of attraction incapable of explaining cohesion and 
capillary attraction, we are not forced to seek tho explanation in a 
deviation from Newton’s law of gravitational force. In a little 
communication to tho Royal Society of Edinburgh twenty-four years 
ago,* I showed that heterogeneousness docs suffice to account for any 
force of cohesion, how^ever great, provided only wo givo sufficiently 
great density to the molecules in the heterogeneous structure. 

Nothing satisfactory, however, or very interesting mechanically, 
seems attainable by any attempt to woik out this theory without 
taking into account the molecular motions which we know to bo 
inherent in matter, and to constituto its heat. But so far as tho main 
phenomena of capillary attraction are concerned, it is satisfactory to 
know that the complete molecular theory could not but lead to the 
same resultant action in tho aggregate as if water and the solids 
touching it were each utterly homogeneous to infinite minuteness, and 
were acted on by mutual forces of attraction sufficiently strong 
between portions of matter which are exceedingly near one another, 
but utterly insensible between portions of matter at sensible 
distances. This idea of attraction insensible at sensible distances 
(whatever molecular view we may learn, or people not now bom may 
learn after us, to account for the innate nature of tho action), is indeed 
the key to the theory of capillary attraction, and it is to Ilawksbee t 
that we owe it. Laplace took it up and thoroughly worked it out 
mathematically in a very admirable manner. One part of the theory 
which he left defective — the action of a solid upon a liquid, and the 
mutual action between two liquids — was made dynamically perfect 
by Gauss, and tho finishing touch to the mathematical theory was 
given by Neumann in stating for liquids the rule corresponding to 
Gauss’s rule for angles of contact between liquids and solids. 

Gauss, expressing enthusiastic appreciation of Laplace’s Work, 
adopts the same fundamental assumption of attraction sensible only 


• Procecilinpffl of tho Royal Sooif ty of Ediuburgli, April 21, 18G2 (vol. iv.). 
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at ineensible distancoB, and, 'while proposing as chief object to 
complete the part of the theory not worked out by his predecessor, 
treats the dynamical problem afresh in a remarkably improved 
manner, by founding it wholly upon the principle of what we now 
call potential energy. Thus, though the formulas in which he 
expresses mathematically his ideas are scarcely less alarming in 
appearance than those of Laplace, it is very easy to translate them 
into words by which the whole theory will be made perfectly 
intelligible to* persons who imagine themselves incapable of under- 
standing sextuple integrals. Let us place ourselves conveniently at 
the centre of the earth so as not to be disturbed by gravity. Take 
now two portions of water, and let them be shaped over a certain 
area of each, call it A for the one, and B for the other, so that when 
put together they will fit i^erfectly throughout these areas. To save 
all trouble in manipulating the supposed pieces of water, let them 
become for a time perfectly rigid, without, however, any change in 
their mutual attraction. Bring them now together till the two 
surfaces A and B come to be within the one-hundred-thousaudth of 
an inch ap 9 ,rf, . that is, the forty-thousandth of a centimetre, or 
250 micro-millimetres (about half the wave-length of green light). 
At so great a distance the attraction is quite insensible : we may feel 
very confident that it differs, by but a small percentage, from the 
exceedingly small force of attraction which we should calculate for it 
according to the Newtonian law, on the supposition of perfect 
uniformity of density in each of tho attracting bodies. Well-known 
phenomena of bubbles, and of watery films wetting solids, make it 
quite certain that the molecular attraction does not become sensible 
until the distance is much less than 250 micro-millimetres. From 
the consideration of such phenomena Quincke (Pogg. Ann., 1869) 
came to the conclusion that the molecular attraction does become 
sensible at distances of about 50 micro-millimetres. His conclusion 
is strikingly confirmed by tho very important discovery of Beinold 
and Rucker* that the black film, always formed before an undisturbed 
soap bubble breaks, has a uniform or nearly uniform thickness of 
about 11 or 12 micro-millimetres. The abrupt commencement, and 
the permanent stability, of the black film demonstrate a proposition of 
fundamental importance in tho molecular theory : — The tension of the 
film, which is sensibly constant when the thickness exceeds 50 micro- 
millimetres, diminishes to a minimum, and begins to increase again 
when tho thickness is diminished to 10 micro-millimetres. It seems 
not possible to explain this fact by any imaginable law of force 
between the different portions of the film supposed homogeneous, and 
we are forced to the conclusion that it depends upon molecular 
heterogeneousiicss. When tho homogeneous molar theory is thus 
disproved by observation, and its assumption uf a law of attraction 
augmenting more rapidly than according to the Newtonian law when 
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the distance becomes less than 60 micro-millimetres is proved to bo 
insufficient, may we not go farther and say that it is unnecessary to 
assume any deviation from the Newtonian law of forco varying 
inversely as the square of the distanco continuously from the 
millionth of a micro-millimetre to the distance of the remotest star or 
remotest piece of matter in the universe ; and, until we see how 
gravity itself is to be explained, as Newton and Faraday thought it 
must be explained, by some continuous action of intervening or sur- 
rounding matter, may we not be temporarily satisfied to explain 
capillary attraction merely as Newtonian attraction intensified in 
virtue of intensely dense molecules movable among one another, 
of which the aggregate constitutes a mass of liquid or solid. 

But now for the present, and for the rest of this evening, let us 
dismiss all idea of molecular theory, and think of the molar theory 
pure and simple, of Laplace and Gkiuss. Eetuming to our two pieces 
of rigidified water left at a distance of 260 micro-miUimetres from 
one another. Holding them in my two hands, 1 let them come 
nearer and nearer until they touch all along the surfaces A and B. 
They begin to attract one another with a force which may be scarcely 
sensible to my hands when their distance apart is 60 micro- 
millimetres, or even as little as 10 micro-millimetres ; but which 
certainly becomes sensible when the distance becomes one micro- 
millimetre, or the fraction of a micro-millimetre; and enormous, 
hundreds or thousands of kilogrammes’ weight, ^fore they come 
into absolute contact. I am supposing the area of each of the 
opposed surfaces to be a few square centimetres. To fix the ideas, 
I shall suppose it to be exactly thirty square centimetres! If my 
sense of force were sufficiently metrical 1 should find that the work 
done by the ^attraction of the rigidified pieces of water in pulling my 
two hands together was just about 4^ centimetre-grammes. The 
force to do this work, if it had been uniform throughout the space of 
60 micro-millimetres (five-millionths of a centimetre) must have been 
900,000 grammes weight, that is to say, nine-tenths of a ton. But 
in reality it is done by a force increasing from something very small 
at the distance of 60 micro-millimotres to some unknown greatest 
amotmt. It may reach a maximum before absolute contact, and then 
begin to diminish, or it may increase and increase up to contact, wo 
cannot teU which. Whatever may be the law of variation of tho 
force, it is certain that throughout a small part of the distance it is 
considerably more than one ton. It is possible that it is enormously 
more than one ton, to make up the ascertained amount of work of 4j^ 
centimetre-grammes performed in a space of 60 micro-millimetres. 

But now let us vary tho circumstances a little. I take tl|e two 
pieces of rigidified water, and bring them to touch at a p$ir of 
corresponding points in the borders of the two surfaces A and B, 
keeping the rest of tho surfaces wide asunder (see Fig. 1). The 
work done on my hands in this proceeding is infinitesimal. Now, 
without at all altering tho law of attractive force, lot a minute film 
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of the rigidifiod water become fluid all over each of the surfaces 
A and B ; you see exactly what takes place. The pieces of matter 
I hold in my hands are not the supposed pieces of rigidified water. 
They are glass, with the surfaces A and B thoroughly cleaned and 
wetted all over each with a thin film of water. What you now see 
taking place is the same as what would take place if things were 
exactly according to our ideal supposition. Imagine, therefore, that 
these are really two pieces of water, all rigid, except the thin film 
on each of the surfaces A and B, which are to be put together. 
Remember also that the Royal Institution, in which we are met, 


Fig 1 



been, for the occasion, transported to the centre of the earth so that 
we are not troubled in any way by gravity. You see we are not 
troubled by any trickling down of these liquid films — but I must 
not say dotim, wo have no up and down here. You see the liquid 
film does not trickle along these surfaces towards the table, at least 
you must imagine that it does not do so. I now turn one or both of 
these pieces of matter till they are so nearly in contact all over the 
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surfaces A and B, that the whole interstice becomes filled with water. 
My metrical sense of touch tells me that exactly 4^ centimetre- 
grammes of work has again been done ; this time, however, not by a 
very great force^ through a space of less than 50 micro-millimetres, 
but by a very gentle force acting throughout the large space of the 
turning or folding-together motion which you have seen, and now 
see again. We know, in fact, by the elementary principle of work 
done in a conservative system, that the work done in the first case 
of letting tho two bodies come together directly, and in the second 
case of letting them come together by first bringing two points into 
contact and then folding them together, must be the same, and my 
metrical sense of touch has merely told me in this particular 
sense what we all know theoretically must be true in every case 
of proceeding by different ways to the same end from the same 
beginning. 

Now in this second way we have, in performing the folding 
motion, allowed the water surface to become loss by 60 square 
centimetres. It is easily seen that, provided the radius of curvature 
in every part of the surface exceeds one or two hundred times the 
extent of distance to which the molecnlar attraction is sensible, or, as 
we may say practically, provided the radius of curvature is every- 
where greater than 5000 micro-millimetres (that is, the two-hundredth 
of a millimetre), we should have obtained this amount of work with 
the same diminution of water-surface, however performed. Hence 
our result is that we have found 4 '5/60 (or 3/40) of a centimetre- 
gramme of work per square centimetre of diminution of surface. 
This is precisely the result we should have had if the waterJhad been 
absolutely deprived of the attractive force between water and water, 
and its whole surface had been coated over with an infinitely thin 
contractile film possessing a uniform contractile force of 8/40 of a 
gramme weight, or 75 milligrammes, per lineal centimetre. 

It is now convenient to keep to our ideal film, and give up 
thinking of what, according to our present capacity for imagining 
molecular action, is the more real thing — namely, the mutual 
attraction between the different portions of the liquid. But do not, I 
entreat you, fall into the paradoxical habit of thinking of the surface 
film as other than an ideal way of stating tho resultant effect of 
mutual attraction between the different portions of the fluid. Look, 
now, at one of the pieces of water ideally rigidified, or, if you please, 
at the two pieces put together to make one. Eemember we are at 
the centre of the earth. What will take place if this piece of n^atter 
resting in the air before you suddenly ceases to be rigid ? Imagine 
it, as I have said, to be enclosed in a film everywhere tending to 
contract with a ford^ equal to 8/40 of a gramme or 75 milligradames 
weight per lineal centimetre. This contractile film will clearly 
press most where the convexity is greatest. A very elementary piece 
of mathematics tells us that on the rigid convex surface which you 
see, the amount of its pressure per square centimetre will be found 
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by multiplying the sum * of the curvatures in two mutually-perpen- 
dicular normal sections, by the amount of the force per lineal centi- 
metre. In any place where the surface is concave the effect of the 
surface tension is to suck outwards — that is to say, in mathematical 
language, to exert negative pressure inwards. Now, suppose in an 
instant the rigidity to bo annulled, and the piece of glass which you 
SCO, still undisturbed by gravity, to become water. The instantaneous 
effect of these unequal pressures over its surface will bo to set it 
in motion. If it were a perfect fluid it would go on vibrating for 
ever with wildly-irregular vibrations, starting from so rude an initial 
shape as this which I hold in my hand. Water, as any other liquid, 
is in reality viscous, and therefore the vibrations will gradually 
subside, and the piece of matter will come to rest in a spherical 
figure, slightly warmed as the result of the work done by the forces 
of mutual attraction by which it was set in motion from the initial 
shape. The work done by these forces during the change of the 
body from any one shape to any other is in simple proportion to the 
diminution of the wliolo surface area ; and the configuration of 
equilibrium, *when there is no disturbance from gravity, or from 
any other solid or liquid body, is the figure in which the surface 
area is the smallest possible that can enclose the given bulk of 
matter. 

I have calculated the period of vibration of a sphere of water t 
(a dew-drop !) and find it to be { a?, where a is the radius measured 
in centimetres ; thus — 

For a radius of J cm. the period is ^ second. 



1 f, 

» i 

f} 


2 -54 „ 

1 

»* 

n 

4 „ 

52 

>> 

If 

16 „ 

„ 16 

»> 


86 „ 

„ 36 



1407 

„ 13,200 

»» 


The dynamics of the subject, so far as a single liquid is concerned, 
is absolutely comprised in the mathematics without symbols which I 
have put before you. Twenty pages covered with sextuple integrals 
could tell us no more. 

Hitherto wo have only considered mutual attraction between the 
parts of two portions of one and the same liquid — water for instance. 
Consider, now, two different kinds of liquid : for instance, water and 
carbon disulphide (which, for brevity, I shall call sulphide). Deal 
with them exactly as we dealt with the two pieces of water. I need 


* This sura for brevity I henceforth call simply “ the curvature of the surface ” 
at any point. 

t See paper by Lord Rayleigh in Proceedings of the Royal Society, No. 196, 
May 6, 1879. 
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not go through the whole prooess again; the result is obvious. 
Thirty times the excess of the sum of the surface-tensions of the two 
liquids separately, above the tension of the interface between them, 
is equal to the work done in letting the two bodies come together 
directly over the supposed area of thirty square centimetres. Hence 
ike interfacial tension per unit area of ike interface is equal to the 
excess of the sum of the surface^tensions of the two liquids separately^ 
above the work done in letting the two bodies come together directly so as 
to meet in a unit area of each. In the particular case of two similar 
bodies coming together into perfect contact, the interfacial tension 
must be zero, and therefore the work done in lotting them come 
together over a unit area must be exactly equal to twice the surface- 
tension ; which is the case we first considered. 

If the work done between two different liquids in letting them 
come together over a small area, exceeds the sum of the surface- 
tensions, the interfacial tension is negative. The result is an 
instantaneous puckering of the interface, as the commencement of 
diffusion and the well-known process of continued inter-diffusion 
follows. 

Consider next the mutual attraction between a solid and a liquid. 
Choose any particular area of the solid, and let a portion of the sur- 
face of the liquid be preliminarily shaped to fit it. Let now the 
liquid, kept for the moment rigid, be allowed to come into contact 
over this area with the solid. The amount by which the work done 
per unit area of contact falls short of the surface-tension of the liquid 
is equal to the intei facial tension of the liquid. If the work done per 
unit area is exactly equal to the frec-surface tension of the liquid, tho 
interfacial tension is zero. In this case the surface of the liquid when 
in equilibrium at the placp of meeting of liquid and solid is at right 
angles to the surface of the solid. The angle between tho free sur- 
faces of liquid and solid is acute or obtuse according as tho intcrfacial 
tension is positive or negative ; its cosine being equal to the intcr- 
facial tension divided by the free-surfaco tension. The greatest 
possible value the interfacial tension can have is clearly the freo- 
surface tension, and it reaches this limiting value only in tho, not 
purely static, case of a liquid resting on a solid of high thermal con- 
ductivity, kept at a temperature greatly above the boiling-point of 
the liquid ; as in the well-known phenomena to which attention has 
been called by Leidenfrost and Boutigny. There is no such limit to 
the absolute value of the interfacial tension when negative, but its 
absolute value must be less than that of the free-surface tensioii to 
admit of equilibrium at a line of separation between liquid and sodid. 
If minus the intcrfacial tension is exactly equal to the free-surface 
tension, the angle betiveen the free surfaces at the line of separation 
is exactly If minus the interfadal tension exceeds the fl^ee- 

surface tension, the liquid runs all over the solid, as, for instance, 
water over a glass plato which has been very perfectly cleansed. If 
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for a moment wo leave the centre of the earth, and suppose ourselves 
anywhere else in or on the earth, we find the liquid running up, 
against gravity, in a thin film over the upper part of the containing 
vessel, and leaving the interface at an angle of ISO*^ between the free 
surface of the liquid, and the surface of the film adhering to the solid 
above the bounding line of the free liquid surface. This is the case 
of water contained in a glass vessel, or in contact with a piece of glass 
of any shape, provided the surface of the glass be very perfectly 
cleansed. 

When two liquids which do not mingle, that is to say, two liquids 
of which the interfacial tension is positive, are placed in contact and 
loft to themselves undisturbed by gravity (in our favourite Laboratory 
in the centre of the earth suppose), after performing vibrations sub- 
siding in virtue of viscosity, the compound mass will come to rest, in 
a configuration consisting of two intersecting segments of spherical 
surfaces constituting the outer boundary of the two portions of liquid, 
and a third segment of spherical surface through their intersection 
constituting the interface between the two liquids. These three 
spherical surfaces meet at the same angles as three balancing forces 
in a plane whose magnitudes are respectively the surface tensions of 
the outer surfaces of the two liquids and the tension of their interface. 
Figs. 2 to 5 (pp. 492, 493) illustrate these configurations in the case of 
bisulphide of carbon and water for several different proportions of 
the volumes of the two liquids. (In the figures the dark shading 
represents water in each case.) When the volume of each liquid is 
given, and the angles of meeting of the three surfaces are known, 
the problem of describing the three spherical surfaces is clearly 
determinate. It is an interesting enough geometrical problem. 

If wo now for a moment leave our gravitationless laboratory, and, 
returning to the Theatre of the Royal Institution, bring our two 
masses of liquid into contact, os 1 now do in this glass bottle, wc have 
the one liquid floating upon the other, and the form assumed by the 
floating liquid may be learned, for several different cases, from the 
phenomena exhibited in these bottles and glass beakers, and shown on 
an enlarged scale in these two diagrams (Figs. 6 to 8, p. 494) ; which 
represent bisulphide of carbon floating on the surface of sulphate of 
zinc, and in this case (Fig. 8) the bisulphide of carbon drop is of 
nearly the maximum size capable of floating. Here is the bottle 
whose contents are represented in Fig. 8, and we shall find that a 
very slight vertical disturbance serves to submerge the mass of bi- 
sulphide of carbon. There now it has sunk, and we shall find when 
its vibrations have ceased that the bisulphide of carbon has taken the 
form of a large sphere supported within the sulphate of zinc. Now, 
remembering that we are again at the centre of the earth, and that 
gravity does not hinder us, suppose the glass xuattor of the bottle 
suddenly to become liquid sulphate of zinc, this mass would become 
a compound sphere like the one shown on that diagram (Fig. 3), and 
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would have a radius of about 8 centimetres. If it were sulphate of 
zinc alone, and of this magnitude, its period of vibration would be 
about 5^ seconds. 


Fia. 6. 



Fig 7 



Fig. 8 



Fig. 9 shows a drop of sulphate of zinc floating on a wine-glassful 
of bisulphide of carbon. 

In observing the phenomena of two liquids in contact, I have found 
it very convenient to use sulphate of zinc (which I find, by exnen- 
ment^ has the same free-surface tension as water) and bisulphiae of 
carbon ; as these liquids do not mix when brought together, andL for 
a short time at leasts there is no chemical interaction between t&em. 
Also, sulphate of zinc may be made to have a density less thap, or 
equal to, or greater than, that of the bisulphide, and the bisulphide 
may bo coloured to a more or less deep purple tint by iodine, and this 
enables us easily to observe drops of any one of these liquids on the 
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other. .In the three bottles now before you the clear liquid is sul- 
phate of zinc — in one bottle it has a density less than, in another 
equal to, and in the third greater than, the density of the sulphide 
— and you see how, by means of the coloured sulphide, all the phe- 
nomena of drops resting upon or floating within a liquid into which 
they do not diffuse may be observed, and, under suitable arrangements, 
quantitatively estimated. 

When a liquid under tho influence of gravity is pupported by 
a solid, it takes a configuration in which the difference of curvature 
of the free surface at different levels is equal to the difference 


Fio. 9. 



of levels divided by the surface tension reckoned in terms of weight 
of unit bulk of tho liquid as unity ; and the free surface of tho liquid 
leaves tho free surface of the solid at tho angle whose cosine 
is, as stated above, equal to the interfacial tension divided by the free- 
surface tension, or at an angle of ISO*’ in any case in which minus the 
interfacial tension exceeds the free-surface tension. Tho surface 
equation of equilibrium and the boundary conditions thus stated 
in words, suffice fully to determine tho oonflguration when the volume 
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of the liquid and the shape and dimensions of the solid are given. 
When 1 say determine, I do not moan unambiguously. There 
may of course be a multiplicity of solutions of the problem ; as, 
for instance, when the solid presents several hollows in which, 
or projections hanging from which, portions of the liquid, or in 
or hanging from any one of which the whole liquid, may rest. 

When the solid is symmetrical round a vertical axis, the figure 
assumed by the liquid is that of a figure of revolution, and its form is 
determined by the equation given above in words. A general 
solution of tills problem by the methods of the difibrential and 
integral calculus transcends the powers of mathematical analysis, 
but the following simple graphical method of working out what 
constitutes mathematically a complete solution, occurred to me a great 
many years ago. 

Draw a line to represent the axis of the surface of revolution. 
This line is vertical in the realisation now to bo given, and it or any 
line parallel to it will be called vertical in the drawing, and any line 
perpendicular to it will bo called horizontal. The distance between 
any two horizontal linos in the drawing will be called difference 
of levels. 

Through any point, N, of the axis draw a lino, N P, cutting it at 
any angle. With any point, O, as centre on the lino N P, describe a 
very small circular arc through P P', and let N' bo the point in which 
the line of O P' cuts the axis. Measure N P, N' P', and the difference 
of levels between P and P'. Denoting this last by S, and taking a as 
a linear parameter, calculate the value of 

V(i*^OP NP tJ'P7 

Take this’ length on the compasses, and putting the pencil point 
at P', place the other point at O' on the line FN', and with 
O' as centre, describe a small arc, P'P". Continue the process 
according to the same rule, and the successive very small arcs 
so drawn will constitute a curved lino, which is the generating 
line of the surface of revolution inclosing the liquid, according 
to the conditions of the special case treated. 

This method of solving the capillary equation for surfaces of revo- 
lution remained unused for fifteen or twenty years, until in 
1874 I placed it in the hands of Mr. John Perry (now Professor 
of Mechanics at the City and Guilds Institute), who was then 
attefiding the Natural Philosophy Laboratory of Glasgow University. 
He worked out the problem with great perseverance and ability, 
and the result of liis labours was a senes of skilfully executed 
drawings representing a large variety of cases of the caj^illary 
surfaces of revolution. These drawings, which are most instihictivo 
and valuable, I have not yet been able to prepare for publication, but 
the most characteristic of them have been reproduced on an enlarged 
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scale, and are now on the screen before you.* Three of these diagrams, 
those to which I am now pointing (Figs. 10, 11, and 12), illustrate 
strictly theoretical solutions — that is to say, the curves there shown 


Fio. 10. 



* The diagrams hero referred to are now published in Figs. 10 to 24 of the 
present report of the lecture at the Royal Institution. These figures are accurate 
copies of Mr. Perry's original drawings, and I desire to acknowledge the great 
care and attention which Mr. Cooper, engraver to Nature^ has given to the work. 
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do not represent real capillary surfaces- — but these mathematical 
extensions of the problem, while most interesting and instructive, are 
such as cannot be adequately treated in the time now at my disposal. 

In these other diagrams, however (Figs. 13 to 28), we have 
certain portions of the curves taken to represent real capilla^ 
surfaces shown in section. In Fig. 13 a solid sphere is shown in 
four different positions in contact with a mercury surface ; and again, 
in Fig. 14 we have a section of the form assumed by mercury resting 


Fio. 13. 



Mercury iu contact with solid spheres (say of glass). 


Fio. 34. 



Sectional view of circular V-groovo containing mercury. 


in a circular V-groovo. Figs. 15 to 28 (pp. 500-502) show water- 
surfaces under different conditions as to capillarity ; the scale of the 
drawings for each set of figures is shown by a lino the length of 
which represents 1 centimetre ; tbo dotted horizontal lines indicate 
the positions of the free water-level. The drawings are sufficiently 
explicit to require no further reference here save the remark that 
water is reprosontod by the lighter shading, and «()Ztd by the darker. 

We have been thinking of our pieces of rigidified water as be- 
coming suddenly liquefied, and conceiving them inclosed within ideal 
contractile films ; I have here an orrangemeut by which I (mn exhibit 
on an enlarged scale a pendant drop, inclosed not in an ideal film, 
but in a real film of thin sheet indiarubber. The apparatus which 
you see hero suspended from the roof is a stout metal ring of 60 
centimetres diameter, with its aperture closed by a sheet of India- 
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rubber tied to it all round, stretohed uniformly in all directions, and 
as tightly as could be done without special apparatus for stretching 
it and binding it to the ring when stretched. 


Fig. 27. 



Section of the aii-bubble in a level tube filled with water, and bent so that its axis 
is part of a circle of Inige ladius; scale is lepresentcd in Fig. 28. 

Fio. 28 


Represents a length of one centimetre for Figs. 24—27. 


I now pour in water, and wc find the ficxiblo bottom assuming 
very much the same shape as the drop which you saw hanging from 
my finger after it had been dipped into and removed from tho vessel 
of water (see Fig. 16). I continue to pour in more water, and tho 
form changes gradually and slowly, preserving meanwhile tho general 
form of a drop such as is shown in Fig. 15, until, when a certain 
quantity of water has boon poured in, a sudden change takes place. 
The sudden change corresponds to the breaking away of a real drop 
of water from, for example, the mouth of a tea-urn, when the stop- 
cock is so nearly closed that a very slow dropping takes place. The 
drop in the indiarubber bag, however, docs not fall away, beKsause 
the tension of the indiarubber increases enormously when the india- 
rubber is stretched. The tension of the real film at the surftce of 
a drop of water femains constant, however much the surface is 
stretched, and therefore the drop breaks away instantly when efiough 
of water has been supplied from above to feed the drop to the 
greatest volume that can hang from the particular size of tube which 
is used. 
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I now put this siphon into action, gradually drawing off some of 
the water, and we find the drop gradually diminishes until a sudden 
change again occurs and it assumes the form we observed (Fig. 16) 
when I first poured in the water, I instantly stop the action of the 
siphon, and we now find that the great drop has two possible forms 
of stable equilibrium, with an unstable form intermediate between 
them. Here is an experimental proof of this statement. With the 
drop in its higher stable form I cause it to vibrate so as alternately 
to decrease and increase the axial length, and you see that when the 
vibrations are such as to cause the increase of length to reach a 
certain limit there is a sudden change to the lower stable form, and 
wo may now leave the mass performing small vibrations about that 
lower form. I now increase these small vibrations, and we see that, 
whenever, in one of the upward (increasing) vibrations, the contrac- 
tion of axial length reaches the limit already referred to, there is 
again a sudden change, which I promote by gently lifting with my 
hands, and the mass assumes the higher stable form, and we have it 
again performing small vibrations about this form. 

The two pr/Hv+ions of stable equilibrium, and the one of unstable 
intermediate between them, is a curious peculiarity of the hydrostatic 
problem presented by the water supported by indiarubber in the 
manner of the experiment. 



I have hero a simple arrangement of apparatus (Figs. 29 and 80) 
by which, with proper optical aids, such as a cathotometer and a 
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microBoope, we can make the necessary measurements on real drops 
of water or other liquid, for the purpose of determining the values 
of the capillary constants. For stability the drop hanging from the 
open tube should be just less than a hemisphere, but for convenience 
it is shown, as in the enlarged drawing of the nozzle (Fig. 80), 


Pio. 30. 



exactly hemispherical. By means of the siphon tho difference of 
levels, hy between the free level surface of the water in tho vessel to 
which the nozzle is attached, and the lo\^est point in the drop 
hanging from the nozzle, may bo varied, and correspond iirg measuie- 
ments taken of h and of r, the radius of curvature of the drop at its 
lowest point. This measurement of tho curvature of tho drop is 
easily Inade with somewhat close accuracy, by known microscopic 
methods. The surface-tension T of the liquid is calculated from the 
radius, r, and the observed difference of levels, A, as follows : — 



for example, if tho liquid taken bo water, with a free-surfaco tension 
of 75 milligrammes per centimetre, and r = *05 cm., h is equal to 
8 centimetres. 

Many experiments may bo devised to illustrate the effects of 
surface-tension when two liquids, of which the surface-tensions are 
widely different, are brought into contact with each other. T)ius we 
may place on tho surface of a thin layer of water, wetting untformly 
the surface of a glass plate or tray, a drop of alcohol or cthur, and 
so cause the surface-tension of the liquid layer to become smi^ler in 
the region covered by the alcohol or ether. On the other hand, from 
a surface-layer of alcohol largely diluted with water we may arrange 
to withdraw part of tho alcohol at one particular place by promoting 
its rapid evaporation, and thereby increase the surface-tension of the 
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liquid layer in that region by diminishing the percentage of alcohol 
which it contains. 

In this shallow tray, the bottom of which is of ground glass 
resting on white paper, so as to make the phenomena to bo exhibited 
more easily visible, there is a thin layer of water coloured deep blue 
with aniline ; now, when I place on the water-surface a small 
quantity of alcohol from this fine pipette, observe the effect of 
bringing the alcohol-surface, with a surface-tension of only 25*5 
dynes per lineal centimetre, into contact with the water-surface, 
which has a tension of 75 dynes per lineal centimetre. See how the 
water pulls back, as it were, all round the alcohol, forming a circular 
ridge surrounding a hollow, or small crater, which gradually widens 
and deepens until the glass plate is actually laid bare in the centre, 
and the liquid is heaped up in a circular ridge around it. Similarly, 
when I paint with a brush a streak of alcohol across the tray, we 
find the water drawing back on each side from the portion of the tray 
touched with the brush. Now, when I incline the glass tray, it is 
most interesting to observe how the coloured water with its slight 
admixture of ah*r>% J flows down the incline — first in isolated drops, 
afterwards joining together into narrow continuous streams. 

These and other well-known phenomena, including that interesting 
one, “ tears of strong wine,” were described and exjdained in a 
paper “ On Certain Curious Motions Observable on the Surfaces 
of Wine and other Alcoholic Liquors,” by my brother, Prof. James 
Thomson, road before Section A of the British Association at the 
Glasgow meeting of 1855. 

I find that a solution containing about 25 per cent, of alcohol 
shows the “ tears ” readily and well, but that they cannot at all be 
produced if the percentage of alcohol is considerably smaller or 
considerably greater than 25. In two of those bottles the coloured 
solution contains respectively 1 per cent, and 90 per cent, of alcohol, 
and in them you see it is impossible to produce the “ tears ” ; but 
when I take this third bottle, in which the coloured liquid contains 
25 per cent, of alcohol, and operate upon it, you sec — there — the 
“ tears ” begin to form at once. I first incline and rotate the bottle 
so as to wet its inner surface with the liquid, and then, leaving it 
quite still, I remove tho stopper, and withdraw by means of this 
paper tube tho mixture of air and alcoholic vapour from the bottle 
and allow fresh air to take its place. In this way I promote the 
evaporation of alcohol from all liquid surfaces within the bottle, and 
whore the liquid is in tho form of a thin film it very speedily loses 
a groat part of its alcohol. Henco the surface-tension of tho thin film 
of liquid on tho interior wall of tho bottle comes to have a greater and 
■greater value than tho surface-tension of tho mass of liquid in tho 
bottom, and whore these two liquid surfaces, having different surface- 
tensions, come together wo have the phenomena ot “ tears.” There, 
as I hasten tho evaporation, you see tho horizontal ring rising up the 
side of the bottle, and afterwards collecting into drops which slip 
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down the side and give a fringe-like appearance to the space through 
which the rising ring has passed. 

These phenomena may also be observed by using, instead of 
alcohol, ether, which has a surface-tension equal to about three- 
fourths of that of alcohol. In using ether, however, this very curious 
effect may be seen.* I dip the brush into the ether, and hold it 
near to but not touching the water-surface. Now I see a hollow 
formed, which becomes more or less deep according as the brush is 
nearer to or farther from the normal water surface, and it follows the 
brush about as 1 move it so. 

Hero is an experiment showing the effect of heat on surface- 
tension. Over a portion of this tin plate there is a thin layer of 
resin. I lay the tin plate on this hot copper cylinder, and we at once 
see the fluid resin drawing back from the portion of the tin plate 
directly over the end of the heated copper cylinder, and leaving a 
circular space on the surface of the tin plate almost clear of resin, 
showing how very much the surface-tension of hot resin is less than 
that of cold resin. 

Note of January 30, 1886. — The equations (8) and (9) on p. 69 
of Clerk-Moxweirs article on Capillary Attraction ” in the ninth 
edition of the ** Encyclopaedia Britannica ” do not contain terms 
depending on the mutual action between the two liquids, and the 
concluding expression (10), and the last small print paragraph of the 
page are wholly vitiated by this omission. The paragraph immedi- 
ately following equation (10) is as follows : — 

“If this quantity is positive, the surface of contact 'Vrill tend to 
contract, and the liquids will remain distinct. If, however, it 
were {negative, the displacement of the liquids which tends to enlarge 
the surface of contact would be aided by the molecular forces, so that 
the liquids, if not kept separate by gravity, would become thoroughly 
mixed. No instance, however, of a phenomenon of this kind has been 
discovered, for those liquids which mix of themselves do so by 
the process of diffusion, which is a molecular motion, and not by the 
spontaneous puckering and replication of tho boundary surface 
as would be the case if T were negative.” 

It seems to me that this view is not correct ; but that on tho 
contrary there is this “ puckering ” as the very beginning of diffusion. 
What I have given in the lecture as reported in tho text above seems 
to me the right view of the case as regards diffusion in relation 
to interfacial tension. 

It may also be remarked that Clerk-Maxwell, in the lar^o print 
paragraph of p. 69, preceding equation (1), and in his applidation of 
the term potential energy to E in the small print, designated by 
energy what is in reality exhaustion of energy or negative energy ; 


♦ See Clerk-Maxweirs article i i>. 65) oa ** Capillary Attraction ” (• Encyclo- 
l>iBdia Britannica,' 9th edition). 
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and the eamo inadvertence renders the small print paragraph on p. 60 
very obscure. The curious and interesting statement at the top of 
the second column of p. 63, regarding a drop of carbon disulphide in 
contact with a drop of water in a capillary tube would constitute a 
perpetual motion if it wore true for a tube not first wettod with water 
through part of its bore — “ ... if a drop of water and a drop of 
bisulphide of carbon be placed in contact in a horizontal capillary 
tube, the bisulphide of carbon will chase the water along the tube.” 

Additional Note of June 6, 1886. — I have carefully tried the 
experiment referred to in the preceding sentence, and have not found 
the alleged motion. 

[W. T.] 


HS* Vol3N 



Friday, February 12, 188G. 

The Eight Hon. Lord Rayleigh, M.A. D.C.L. LL.D. F.R.S. Manager 
and Vice-President, in the Chair. 

Professor Osborne Reynolds, M.A. F.R.S. 

Expeninents shoioing Dilataney, a property of Granular Material^ 
possibly connected with Gravitation, 

In commencing this discourse, the author said, My principal object to- 
night is to show you certain experiments which I have ventured to 
think would interest you on account of their novelty, and of their 
paradoxical character. It is not, however, solely or chiefly on account 
of their being curious that I venture to call your attention to them. 
Let them have been never so striking, you would not have been 
troubled with them hod it not lx>cn that they afford evidence of a fact 
of real importance in mechanical philosophy. 

This newly recognised property of granular masses which I have 
called dilatancy will, it may bo hoped, bo rendered intelligible by 
the experiments, but it • was not by these experiments that it was 
discovered. 

This discovery, if I may so call it, was the result of an attempt to 
conceive the mechanical properties a medium must possess in order 
that it might fulfil the functions of an all-pervading rother — not only 
in transmitting waves of light, and refusing to transmit waves like 
those of sound, but in causing the force of gravitation between distant 
bodies, and actions of cohesion, elasticity, and friction between adjacent 
molecules, together with the electric and magnetic properties of 
matter, and at the same time allowing the free motion of bodies. 

It will be well known to those who attend the lectures in this 
room, that although a vast increase has been achieved in knowledge of 
the actions called the physical properties of matter, wo liavo as yet 
no satisfactory explanation as to the prima causa of tlussc actions them- 
selves ; that to explain the transmission of light and heat it has been 
found necessary to assume space filled with material possessing the 
properties of an elastic jelly, the existence of which, though it 
accounts for the transmission of light, has hitherto seemed incon^'stent 
with the free molion of math^r, and failed to afford the slightest 
reason for the gravitation, colicsion, and other physical properties of 
matter. To explain these, other forms of mther have been invented, 
as in the corpuscular theory and the celebrated hypothesis of La Sage, 
the impossibilities of which hypotheses have been finally proved by 
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tho lato Professor Maxwell, to whom we owe so much of our definite 
knowledge of the fundamental physics. Maxwell insisted on the 
fact, that even if each of tho physical properties could be explained by 
a special ajthcr, it would not advance philosophy, as each of these 
retliers would require another mthcr to explain its existence, ad in- 
finitum. Maxwell clearly contemplated tho existence of one medium, 
but it was a medium which would cause not one but all the physical 
properties of matter. Ilis writings are full of definite investigations 
as to what the mechanical properties of this eether must be to account 
for the laws of gravitation, electricity, magnetism, and the trans- 
mission of light, and he has proved very clear and definite properties, 
although, as he distinctly states, ho was unable to conceive a mecha- 
nism which should possess these properties. 

As tho result of a long-continued effort to conceive a mechanical 
system possessing the properties assigned by Maxwell, and further, 
which would account for tho cohesion of tho molecules of matter, 
it became apparent that tho simplest conceivable medium — a mass of 
rigid granules in contact with each other — would answer not one but 
all the kne-’ h is ,|»iirement8, provided the shape and mutual fit of the 
grains were such, that while the grains rigidly preserved their shape, 
the modiuin should possess tho apparently paradoxical or anti-sponge 
j)ropcrty of swelling in bulk as its shape was altered, 

I may hero rcmaik, that if lethcr is atomic or granular, that it should 
be a mass of grains holding each other in position by contact like 
the grains in the sack of corn is one of only two possible con- 
copticnis ; the other being that of La Sago, or the corpuscular theory 
that the giiiins arc free like bullets moving in space in all directions. 

Nor, in sjjitc of its paradoxical sound, is there any great difficulty 
of conceiving the swelling in bulk. When the grains are in contact, 
it ajipears at once that tho mechanical properties of the medium must 
be to some extent affected by the shape and tit of the grain‘N. And 
having arrived at tho conclusion that in order to act the part of 
aither, this shape and fit must bo such that the mass could not 
change its shape without changing its volume or space occupied, tho 
next thing was to soo what possible shape could bo given to the 
grains, so that while these rigidly preserved their shape, tho medium 
might possess this property of dilatancy. 

It was obvious that tho grains must so interlock, that when any 
change of shape of the mass occurred, tho interstices between the 
grains should increase. This would bo possessed by grains shaped to 
fit into each other’s interstices in one particular arrangement. 

In an ordinary mass of brickwork or masonry well bonded without 
mortar, the blocks fit so as to have no interstices ; but if the pile be in 
any way distorted, interstices appear, which shows that the B 2 >aco 
occupied by the entire mass lias increased {shoo n by a model). 

At first it appeared that tlioro must be something special and sys- 
tematic, as in the brick wall, in the fit of the grain of tether, but 
subbcciuent consideration revealed the striking fact, that a medium 
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composed of grains of any possible shape possessed this property of dila- 
tancy so long as one important condition was satisfied. 

This condition is that the medium should be continuous, infinite 
in extent, or that the grains at the boundary should be so hold as to 
prevent a rearrangement commencing. All that is wanted is a mass 
of hard smooth grains, each grain being held by the adjacent grains, 
and the grains on the outside prevented from rearranging. 

Smooth hard spheres arranged as an ordinary pile of shot are in 
their closest order, the interstices occupying a space about one-third 
that occupied by the spheres themselves. By forcing the outside shot 
so as to give the pile a difierent shape, the inside spheres are forced 
by those on the outside, and the interstices increase. Thus by shaping 
the outside of the pile, the interstices may be increased to any extent 
until they occupy about nine-tenths the volume of the spheres : this is 
the most open formation. A further change of shape in the same direc- 
tion causes a contraction of the interstices until a minimum volume 
is reached, and then again an expansion, and so on. The point to be 
realised is that in any of these arrangements if the whole of the 
spheres on the outside of the group are fixed, those inside will bo 
fixed also. (Shown by a model ) 

An interior portion of a mass of smooth hard spheres therefore 
cannot have its shape changed by the surrounding spheres without 
altering the room it occupies, and the same is true for any granular 
mass, whatever be the shape of the grains. 

Considering the generality of this conclusion, the non-discovery of 
this property as existing in tangible matter requires a word of 
explanation. 

The physical properties of elasticity, adhesion, and friction so far 
render the molecules of ordinary matter incapable of behaving as a 
system of ports with the solo property of keeping their shape, and so 
prevents evidence of dilatancy in solids and fluids. This is quite 
consistent with dilatancy in the ather, for the properties of 
elasticity, cohesion, and friction in tangible matter are due to the 
presence of the ©thor, so that it would be illogical for the elementary 
atoms of the ©ther to possess these properties. 

This although a sufficient reason why dilatancy has not been 
recognised as a property of solid and fluid matter, does not explain 
its non-existence in masses of solid, hard, free grains, as of corn, shot, 
and sand. To understand why it has not been observed in these, it 
must be remembered that to ordinary observation these present only 
an outside appearance, and that the condition essential for dilatancy, 
that the outside grains should not be free to rearrange, is seldoifi ful- 
filled. Also these^^granular forms of matter, though commonj^lace, 
have not been the subjects of physical research, and hence such 
evidence as they do afford has escaped detection. 

Once, however, having recognised dilatancy as a universal pro- 
perty of granular mosses, it was obvious that if evidence of it was 
to be sought from tangible matter, it must bo sought in what havo 
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hitherto been the most commonplace and least interesting arrange- 
ments. That an important geometrical and mechanical property of 
a material system should have been hidden for thousands of years, 
even in sand and corn, is such a striking thought that it required no 
little faith in mechanical principles to undertake the search for it, 
and although finding nothing but what was strictly in accordance 
with the conclusions previously arrived at, the evidence obtained of 
this long-hidden property was as much a matter of visual surprise to 
the lecturer as it can be to any of the audience. 

To render the dilatancy of a granular mass evident, it was neces- 
sary to accomplish two things : (1) the outside grains must be con- 
trolled so that they could not rearrange, and this without preventing 
change of shape and bulk of the mass ; (2) the changes of bulk or 
voliinie of the mass, or of the interstices between the grains, must be 
rendered evident by some method of measurement which did not de- 
pend on the shape of the mass. 

A very simple means — a thin indiaruhher envelope or boundary — 
answered both these purposes to perfection. The thin indiarubber 
closed over tlic ^atside grains sufiiciently to prevent their change of 
position, and the impervious character of the bag allowed of a con- 
tinuous measure of the volume of the contents, by measuring the 
quantity of air or water necessary to fill the interstices. 

Taking an indiarubber bag which will hold six pints of water, 
without stretching, and having only a small tubular aperture, getting 
it quite dry, and putting into it six pints of dry sea sand, such as will 
run in an hour-glass, sharp river sand, dry corn, shot, or glass 
marbles, it presents no very striking appearance, but all the same 
when filled with any of these materials, it cannot have its form 
changed as by squeezing between two boards without changing its 
volume. These changes of volume are not sufficient to be noticeable 
while tlie squeezing is going on, but they may be rendered a])parent. 
It is sufficient to do this with the bag full of clean dry Calais sand, 
such as is used in an hour-glass. 

The tube from the bag is connected with a mercurial pressure- 
gauge, BO that the bag is closed by the mercury. 

The actual volume occupied by the quartz grains is four and a 
half pints. The remaining space, one and a half pints, is occupied by 
the interstices between the grains in their closest order ; these inter- 
stices are full of air, so that three-quarters of the bag are occupied by 
quartz, and one-quarter by air. Since the bag is closed and no moro 
air can get in if interstices are increased from one pint and a half to 
two pints, the air must expand, and its pressure will fall from that of 
the atmosphere to three-quarters of an atmosphere. As soon as 
squeezing begins, the mercury rises on the side connected with the 
bag, and steadily rises as the bag flattens until it 2 ^as risen seven inches, 
showing that the bag has increased in capacity by half a pint or one- 
twelfth of its initial capacity. 

That by BC[uoozing a ])orou6 mass like sand we should diminish 
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the pressure of the air in the pores is paradoxical, and shows the 
anti-sponginess of the granular material ; had tliore been a sponge in 
the bag, the pressure of the air would have increased with tho 
squeezing. 

This experiment has been mainly introduced to prevent a possible 
impression that the fluid Ailing the interstices has anything to do with 
the dilation besides measuring it. 

Water affords a more deflnite measure of volume than air. 

Taking a small indiarubber bottle with a glass neck full of shot 
and water, so that the water stands well into the neck. If instead of 
shot the bag were full of water or had anything of the nature of a 
sponge in it, when tho bag was squeezed tho water would be forced 
up the neck. With tho shot tho opposite result is obtained; as I 
squeeze tho bag, tho water decidedly shrinks in the nock. 

This experiment, which you see is on a very small scale, was not 
designed to show to an audience ; it was tho original experiment 
which was made for my own satisfaction, when tho idea of dilatancy 
Arst presented itself. The result but for tho knowledge of dilatancy 
would appear paradoxical, not to say magical. When wo squeeze a 
sponge between two planes, water is squeezed out ; when wo squeeze 
sand, shot, or granular material, water is drawn in. 

Taking a larger apparatus, a bag which holds six pints of sand, 
the interstices of which are full of water without any air — tho glass 
neck being graduated so as to measure the water drawn in. On 
squeezing the bag with a largo pair of pincers, a pint of water is 
drawn from the neck into the bag. This is the maximum dilation ; 
the grains of sand are now in the most open order into tfliich they 
can bo brought by this squeezing ; further squeezing causes thorn to 
take closer order, the interstices diminish, and the water runs out into 
the vessel, and for still further squeezing is drawn back again, show- 
ing that as the change of form continues, the medium passes through 
maximum and minimum dilations. 

This experiment may be repeated w'ith granules of any size or 
shape, provided only they arc bard, and shows the universality of 
dilatancy. 

Although not more dcAnito, perhaps more striking evidence of 
dilatancy is afforded by the means which the non-expansibility of 
water affords of limiting the volume of the bag. An impervious bag 
full of sand and water without air cannot have its contents enlarged 
without creating a vacuum inside it — the interstices of the sand are 
therefore strictly limited to tho volume of tho water inside it, unless 
forces are brought to bear sufficient to overcome tho pressure of tho 
atmosphere and ei^^atc a vacuum. Since then, owing to this pisopcrty 
of dilatancy, the shape of a granular mass at its greatest density cannot 
chai go without enlarging the interstices, preventing this enlargement 
by closing the hag we prevent chaiig(3 of shape. 

Taking the same bag, tho sand being at its closest order — 
closing tho nc^k that it cannot draw moio water. A severe pinch 
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is put on the bag, but it docs not change its shape at all ; the shapo 
cannot alter without enlarging the interstices, these cannot enlarge 
without drawing more water, and this is prevented. To show that 
there is an effort to enlarge going on, it is only necessary to open a 
communication with a pressure-gauge, as in the experiment with air. 
The mercury rises on tlie side of the bag, showing when the pinch is 
hardest (about 200 lbs. on the pianos) that the pressure in the bag is 
loss by 27 inches of mercury than the pressure of the atmosphere ; a 
little more squeezing and there is a vacuum in tlie bag. Without a 
knowledge of the property of dilatancy such a method of producing 
a vacuum would sound somewhat paradoxical. Opening the neck to 
allow' the entrance of water, the bag at once yields to a slight pressure, 
changing shape, but this change at once stoi)s when the supply is cut 
off, j)rovcnting fui’thcr dilation. 

In these experiments neither the thickness of the bag nor tho 
character of the fluid has anything to do with the dilation of tho con- 
tents considered as forming an interior grou]) of a continuous medium, 
tho bag merely controlling tho outside members as they would be 
controlled by ^'prroiinding grains, and the fluid merely measuring or 
limiting tho volume of the interstices. 

It has, however, been absence of such control of the outside grains 
and such means of measuring tho volume of tho interstices that has 
prevented the dilatancy revealing itsedf as a general mechanical 
property of granular material, as a mpchatiical property, because 
dilatancy has long been known to those who bay and sell corn. It 
is seldom left for tho philosopher to discover anything which has a 
direct influouco on pecuniary interests ; and w hen corn was bought and 
sold by measure it was in the interest of the vendor to make tho 
interstices as largo ns possible, and of tho vendee to make them as 
small ; of tho vendor to make tho corn lie as lightly os possible, and 
of tho vendee to get it as dense as possible. These intcxcsts arc 
obvious ; but tho methods of getting corn dense and light are para- 
doxical when compared wdth the methods for other material. If wo 
want to get any elastic material light wo shako it up, as a pillow or a 
feather bed, or a basket of dried fruit; to get these dense wc 
squeeze them into the measure. With corn it is tho reverse ; it is no 
good squeezing it to get it dense ; if w'e try to press it into tho measure 
wo make it light — to get Jt dense w^e must shake it — which ow'ing to 
the surface of the measure being free, causes a rcai'rangement in 
which the grains take tho closest order. 

At tho present day tho measure for com has been replaced by tho 
soalos, but years ago corn was bought and sold by measure only, 
and measuring was then an art which is still preserved. It is under- 
stood that the corn is to bo measured light, and the method 
employed is now soon to have made use of thi property of dilatancy. 
Tho measure is filled over full and the top struck with a round pin 
called tho strako or strickle. The universal art is to put the strake end 
on into the measure before commencing to fill it. Then when heaped 
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full, to pull the strako gently out and strike the top ; if now the 
measure be shaken it will bo seen that it is only nine<tenths full. 

Sand presents many striking phenomena well known but not 
hitherto explained, which are now seen to bo simply evidence of 
dilatancy. 

Every one who walks on the strand must have been painfully 
struck with the difference in the firmnobS and softness of the sand at 
different times ; letting alone when it is quite dry and loose. At 
one time it will be so firm and hard that you may walk with high 
heels without leaving a footprint ; while at others, although the sand is 
not dry, one sinks in so as to make walking painful. Had you noticed 
you would have found that the sand is firm as the tide falls, and 
becomes soft again after it has been left dry for some hours. The 
reason for this difference is exactly the same as that of the closed 
bags with water and air in the interstices of the sand. The tide 
leaves the sand, though apparently dry on the surface, with all its 
interstices perfectly full of water which is kept up to the surface of 
the sand by capillary attraction ; at the same time the water is perco- 
lating through the sand from the sands above where the capillary 
action is not suflicient to hold the water. When the foot falls on this 
water-saturated sand, it tends to change its shape, but it cannot do 
this without enlarging the interstices — without drawing in more 
water. This is a work of time, so that the foot is gone again before 
the sand has yielded. If you stand still, you will find that your feet 
sink more or less, and that wdien you move, the sand becomes wet all 
round the space you stood on, which is the excess of water you have 
drawn in, set free by the sand regaining its densest form. 

One phenomenon attending walking on firm sand is very striking ; as 
the foot falls, the sand all round appears to shoot white or dry 
momentarily, soon becoming dark again. This is the suction into 
the enlarging interstices below the foot, which for the moment 
depresses the capillary surface of the water below that of the sand. 

After the tide has left the sand for a sufficient time, the greater 
part of the water has run out of the interstices, leaving them full of 
air, nhich by expanding allows the interstices to enlarge, and the 
foot to sink in far enough to make walking unpleasant. 

If we walk on sand under water, it is always more or less soft, for 
the interstices can enlarge, drawing in water from above. 

The firmness of the sand is thus seen to be due to the interstices 
being full of water, and to the capillary action or surface tension of 
the water at the surface of the sand. This capillary action will hold 
the water up in the sand for some inches or feet, according to the 
fineness of the sand. This is shown by a somewhat striking experi- 
ment. If sand running in a stream from a small hole in the bottom 
of a vessel, as in an hour-glass, fall into a vessel containing a slight 
depth of water, the sand at first forms an island, which rises above 
the water. The sand which then falls on the top of this island is dry 
as it falls, but capillary action draws up the water which fills the 
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interstices and gives the sand coherence. The island grows vertically, 
very fast, and assumes the form of a column, sometimes with branches 
like a tree or a fern, some inches or even a foot high. The strength 
of these consists in the surface tension of the water preventing air 
from being drawn in to enlarge the interstices, which therefore 
cannot change shape ; it is therefore another evidence of dilatancy. 

By substituting an impervious envelope for the surface of water, 
firmness of sand saturated with water may bo rendered very striking. 

Thin indiarubber balloons, which may bo easily expanded with the 
mouth, alford an almost transparent envelope. 

Taking one with about six pints of sand and water closed without 
air, there being more water than will fill the interstices at the densest, 
but not enough to allow them to enlarge to the full extent. When 
standing on the table, the elasticity of the envelope given is a rounded 
shape. The sand has settled down to the bottom, and the excess of 
water appears above the sand, the surface of which is free.^^ The bag 
may bo squeezed and its shape altered, apparently as though it had 
no firmness, but this is only so long as the surface is free. But taking 
it betwecD^ tU? vortical plates and squeezing, at first it submits, 
apparently without resistance, when all at once it comes to a dead 
stop. Turning it on to its side, a 66-lb. weight produces no further 
alteration of shape ; but on removing the weight, the bag at once 
returns to its almost rounded shape. 

Putting the bag now between two vertical plates, and slightly 
shaking while squeezing, so as to keep the sand at its densest, w^hile 
it still has a free surface, it can bo pressed out until it is a 
broad flat plate. It is still soft as long as it is squeezed, but the 
moment the pressure is removed, the elasticity of the bag tends to 
draw it back to its rounded form, changing its shape, enlarging the 
interstices, and absorbing the excess of w^ater ; this is soon gone, and 
the bag remains a flat cake with peculiar properties. To pressures 
on its sides it at once yields, such pressures having nothing to over- 
come but the elasticity of the bag, for change of shape in that 
direction causes the sand to contract. To radial pressures on its rim, 
however, it is perfectly rigid, as such pressures tend further to dilate 
the sand ; when placed on its edge, it bears one cwt. without 
flinching. 

If, however, while supporting the weight it is pressed sufficiently 
on the sides, all strength vanishes, and it is again a rounded bag of 
loose sand and water. 

By shaking the bag into a mould, it can be made to take any 
shape ; then, by drawing off the excess of water and closing the bag, 
the sand becomes perfectly rigid, and will not change its shape without 
the envelope bo torn ; no amount of shaking will effect a change. In 
this way bricks can be made of sand or fine shot full of water 
and the thinnest indiarubber envelope, which will stand as much 
pressure as ordinary bricks without change of shape ; also permanent 
casts of figures may bo taken. 


HS^- Vol 3 N* 
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I have now shown as fully as time will allow, tho experiments 
which afford evidence of the existence of tho property of dilatancy, and 
how it explains natural phenomena hitherto but little noticed. 

Beyond aflbrding evidence of tho existence of tho property of 
dilatancy, these experiments have no direct connection with gravi- 
tation or tho physical properties of matter. 

These proj)ortie8 cannot bo deduced by direct experiment on 
granular material, for the simple reason that the grains of the 
medium which constitutes the jcther must bo free from friction, 
while tlio grains with which wo work are subject to friction. Those 
properties can only be deduced by mathematical reasoning, into 
which I will not drag you to-night. I will merely show you one 
or two or three facts which may servo to convey an idea of how 
dilatancy should have such a bearing on tho foundation of tho 
universe. 

If you look at this diagram, you sco it represents a ball surrounded 
by a continuous mass of grain, the density of tho grains being indi- 
cated by tho depth of colour. If that ball w'cre to grow in volume, 
it would have to push out tho medium on all sides, and in that w'ay 
it would disti»rt the groups of grains or change their form, causing 
the interstices to increase ; those ncaicr the ball w'oiild be dis- 
torted more than those further aw%ay. Tlien the interstices of these 
wwild grow the most rapidly, and those adjacent to tho ball would 
first come to their openest order for further growth ; these would 
contract somewhat, those a little further away would reach tho 
openest order, and if the process of growth steadily continued, 
we should have a series of undulations of density coilftnenciiig 
at the ball and moving outwards ; the first of these waves of open 
order would not, however, get beyond half tho diameter of tho 
ball aw^fiy. The diagram represents tho interstices that would 
result if a single grain of the material had grown to the size of tho 
ball, pushing the medium out before it. It is not necessary tliat tho 
ball should have growm, to produce this result ; however tho ball 
were originally placed, if it were moved away from its original place 
it would assume this arrangement, and with this arrangement it 
would be free to move. Now, although I cannot attempt to enter 
upon tho relation between the density of the medium and tho forco 
of attraction between two bodies in it, I may call your attention 
to this fact, that the dilation as calculated varies exactly as the 
force of gravitation, inversely as tho square of the distance from an 
infinite distance till close to the ball, and then goes through soTcral 
undulations, corresponding exactly to tlio variations in tho attra<^tion 
of bodies nccessary^to explain the elisticity and cohesion of mole- 
cules. As is shown in tho other diagrams, these undulations in 
density, which may be experimentally produced, not only appear to 
afford a clear explanation of colicsion, but are the only suggestion 
of an explanation over made. And further, similar undulations have 
been found necessary to explain one of tbe phenomena of light. My 
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reason for calling your attention to them was partly an experiment, 
which, although not the most striking, is the most advanced experi- 
ment in the direction of dilatancy. 

The apparatus is tliat represented in the diagram ; the medium is 
contained in the large elastic bag ; in the middle of this bag is a 
small hollow elastic ball, which can bo expanded by water forced in 
through a tube passing through the medium and outside ball ; the 
quantity of water which passes in is measured by a mercury gauge, 
the water being forced in by the pressure of the mercury. Tho 
medium between the two balls is sand and water, and is connected 
with a gauge, tlic water drawn from which measures the dilation. 

Tho full pressure of 30 inches is on the interior ball, but produces 
no expansion, because tho medium outside cannot dilate as the supply 
of water is now cut off ; opening tho tap to admit water to the outer 
ball, it at once draws water. It has now drawn 3 oz. ; in tho mean- 
time tho mercury has fallen, showing that an ounce and half was 
admitted to the interior ball, the expansion of which drew tho water 
into tho outer envelope. This experiment is not striking, but it is 
definite, and c'nuhlcs us to moasuro tho dilation consequent on a given 
distortion. 

It is impossible for mo to go further into this explanation, so I 
will merely state that tho ability of tho grains of a medium to slide 
over a smooth surface has been experimentally shown to produce 
phenomena closely resembling the conduction of electricity, to com- 
plete which it is only necessary to construct the medium of two 
dificrent sorts of grains, different in size or different in shape, tho 
separation of which would afford the two electricities and be a 
simple way out of tho difficulty hitherto found in ex] plaining tho 
iion-exhaustibility of the electricity in a body. nitlierto tho 
two electric fluids have boon supposed to reside together in 
tho matter of tho machine, which, however much has been with- 
drawn, has never shown signs of exhaustion. In the dilatant hypo- 
thesis these electricities arc tho two constituents of tho rother which 
tho machine separates, and it is worth noticing that th^' ordinary 
electrical machine resembles in all essential particulars the machines 
used by seedsmen for 60 i)arating two kinds of seed, trefoil and rye- 
grass, which grow togctlier ; as long as there is a supply of the mixture, 
tho machine is never exhausted. 

This dilatant hypothesis of tether is very promising, although it 
cannot bo put forward as proved until it has been worked out in 
detail, which will take long. In tho meantime it is put forward 
mainly to excite interest in tho property of dilatancy to the discovery 
of which it has led. This property, now that it has once been recog- 
nised, is quite independent of any hypothesip. and offers a new field 
for philosophical and mathematical research quite independent of the 
rother. 

LO. R.] 
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Peofessor Sir Henry E. Rosooe, M.P. LL.D. P.R.S. 

On Becent Progress in the CoaUtar Industry. 

Those who have read Goethe’s episodes from his life, known as 
‘ Wahrhcit und Dichtung/ will remember his description of his visit 
in 1741 Ik) tho burning hill near But wciler, a village in tho Palatinato. 
Here he met old Stauf, a coal philosopher, philosophus per ignem, 
whose peculiar appearance and more peculiar mode of life, Goethe 
remarks upon. He was engaged in an unsavoury process of collecting 
the oils, resin, and tar, obtained in tho destructive distillation of 
coal carried on in a rude form of coke oven. Nor were his labours 
crowned with pecuniary success, for he complained that ho wished 
to turn tho oil and resin into account, and save tho soot, on which 
Goethe adds that in attempting to do too much, tho enterprise alto- 
gether failed. We can scarcely imagine, however, what Goethe’s feel- 
ings would have been could he have foreseen the beautiful and useful 
products which the development of the science of a century aSd a half 
has been able to extract from Stauf s evil smelling oils. With what 
wonder would ho have- regarded tho synthetic power of modern 
chemistry, if he could have learnt that not only the brightest, tho 
most varied colours of every tone and shade can bo obtained from 
this coal tar, but that some of the finest perfumes can, by tho skill of 
the chemist, bo extracted from it. Nay, that from those apparently 
useless oils, medicines which vie in potency with tho i^aro vogeto- 
alkaloids can bo obtained, and lastly, perhaps most remarkable of 
all, that the same raw material may bo mo^le to yield an innocuous 
principle, termed saccharine, possessed of far greater sweetness than 
sugar itself. The attainment of such results might well bo regarded 
as savouring of the chimerical dreams of tho alchemist, rather than 
expressions of sober truth, and tho modern chemist may ask a riddle 
more paradoxical than that of Samson, “ Out of tho burning oamo 
forth coolness, and out of tho strong came forth sweetness ” ; and by 
no one could the answer bo given who had not ploughed with tho 
hoifor of science, “What smells stronger than tar and what hlistes 
sweeter than saccharine ? ” That these are matters of fact wo may 
assure ourselves by the most convincing of all proofs — their money 
value, and wo learn that tho annual value of the products now ex- 
tracted from an unsightly and apparently worthless material, amounts 
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to Beveral millions sterling, whilst the industries based upon these 
results give employment to thousands of men. 

Sources of the Coal-tar products . — In order to obtain these products, 
whether colours, perfumes, antipyretic medicines, or sweet principle, a 
certain class of raw material is needed, for it is as impossible to get 
nutriment from a stone as to procure these products from wrong 
sources. All organic compounds can be traced back to certain hydro- 
carbons, which may be said to form the skeletons of the compounds, 
and these hydrocarbons are divisible into two great classes : (1) the 
paraffinoid, and (2) the benzenoid hydrocarbons. The chemical dif- 
ferences both in properties and constitution between these two series 
are well marked. One is the foundation of the fats, whilst the other 
class gives rise to the essences or aromatic bodies. Now all tho 
colours, finer perfumes, and antipyretic medicines referred to, are 
members of tho latter of these two classes. Hence if we wish to 
construct these complicated structures, wo must employ building 
materials which are capable of being cemented into a coherent edifice, 
and therefore wo must start with hydrocarbons belonging to the 
benzenoid as any attempt to build up the colours directly 

from paraffin compounds would prove impracticable. Of all the 
sources of hydrocarbons, by far the largest is the natural petroleum 
oils. But these consist almost entirely of paralB&ns, and hence 
this source is commercially inapplicable for tho production of 
colours. Wo have, however, in ctial itself, a raw material which by 
suitable treatment may bo made to yield oils of a valuable character. 
Of theso treatments, that follow'ed out in the process of gas-making is 
the most imi)ortant, for in addition to illuminating gas in abundant 
supply, tar is produced which contains principally that benzenoid 
class of substances already referred to, and which, to use the words 
of Hofmann, “ is one of tho most wonderful productions in tho whole 
range of chemistry.” Tho production of these latter as distinguished 
from tho paraffinoid group appears to depend upon a high temperature 
being employed, to olFcct the necessary decomposition. 

The quantity of coal made into coke for use in the blast furnace 
is larger than that distilled for gas-making, no less than between eleven 
and twelve million tons of coal being annually consumed in the blast 
furnaces of this country in tho form of coke, and capable of yielding 
two million tons of volatile products. Up to recent times, however, tho 
whole of theso volatile products has been burnt and lost in the coke 
ovens. But lately, various processes have been devised for preventing 
this loss, and for obtaining tho oils, which might be made available 
as colour-producing materials. It is, moreover, a somewhat romark- 
ablo fact that only in one or two cases have the conditions been 
complied with which render it possible to obtain the necessary 
benzenoid substances. In tho ordinary coking ovens, as well as in 
the blast furnaces, although the temperature ultimately reached is far 
in excess of that needed to form the colour-giving hydrocarbons, yet 
tho heating process is carried on so gradually that tho volatile pro- 
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ducts from tho coal are obtained in the form of parafi&noid bodies 
mainly, and hence are useless for colour-making purposes. Amongst 
tho fow coking processes in which the heat is suddenly applied, and 
consequently a yield of colour-giving hydrocarbons is obtained, may 
be mentioned the patented process of Simon-Carv6s, tho use of which 
is now spreading in England and abroad. Tho tar obtained in this 
process is almost identical in composition with tho average gas-works 
tar, whilst the coke also appears to bo equal for iron-smolting purposes 
to that derived from other coko-ovens. A third source of tlieso oils 
yet remains to bo mentioned, viz. those obtained as a by-product in 
blast furnaces fed with coal. 

Another condition has, in addition, to bo considered in this industry, 
and that is the nature of the coal employed for distillation. It is a 
well-known fact that if Lancashire cannel be exclusively employed in 
gas-making a highly luminous gas is obtained, but tho tar is too rich 
in paraffins to be a source of profit to the tar-distiller, whilst, on tho 
other hand, coal of a more anthracitic character, like that from New- 
castle or Staffordshire, yields a tar too rich in ono constituent, viz. 
naphthalene, and too poor in another, viz. benzene. It is also known 
to those engaged in carbonising coal principally for the sake of tho 
tar that tho coal from different measures, even in the same pit, yields 
tars of very different constitution. That under these varying con- 
ditions products of varying composition are obtained is a result that 
will surprise no one who considers the complicated chemical changes 
brought about in the process of tho destructive distillation of coal. 

History of Benzene and its derivatives , — Having thus sketched tho 
principles upon which tho formation of those valuable tjfr colours 
depends, we should do wrong to pass over tho history of the discovery 
of benzene (CsHg), which contributed so much to tho unlocking of 
the coal-tar treasury. 

Faraday in 1825 discovered two new hydrocarbons in tho oils 
obtained from portable gas. One of these was found to be butylene 
(C4H8) ; to the other Faraday gave the name of bicar buret of hydrogen, 
as ho ascertained its empirical formula to be CgH (C = 6). 13y ex- 

ploding its vapour with oxygen, ho observed that one volume contains 
36 parts by weight of carbon to 3 parts by weight of hydrogen, and 
its specific gravity compared with hydrogen is therefore 39.* 

Mitscherlich, in 1834, obtained tho same hydrocarbon by distilla- 
tion of benzoic acid, C7ll<j02, with slaked lime, and termed it bonzin. 
He assumed that it is formed from benzoic acid simply by removal of 
carbon dioxide. Liebig denied this, adding tho following editorial 
note to Mitscherlich's memoir : — “ Wo have changed the name of tho 
body obtained by Professor Mitscherlich by tlie dry distillation of 
benzoic acid and lime, and tei*mcd by him benzin, into benzol, 
because tho termination * in ' api^ears to denote an analogy between 
strychnine, quinine, dc., bodies to which it does not boar tho slightest 


‘Thil. Trans.,’ 1H25, p 110. 
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rosomblance, whilst the ending in * ol ’ corresponds better to its pro- 
perties and mode of production. It would have been perhaps better 
if the name which the discoverer, Faraday, had given to this body 
had been retained, as its relation to benzoic acid and benzoyl com- 
pounds is not any closer than it is to that of the tar or coal from 
which it is obtained.” 

Almost at the same time Pdligot found that the same hydrocarbon 
occurs, together with benzonc, C 13 TI 10 O (diphcnylketone CO(CgH 5 ) 2 ), 
in the products of the dry distillation of calcium benzoate. 

The different results obtained by Mitscherlich and Peligot oro 
represented by the following formulm : — 

OJT.Oa + CaO C,n, + CaCOj. 

(C\H,0,hCa = C,3lJ,,0 + C<iC 03 . 

Peligot obtained benzene only as a by-product, exactly ns in tho 
prepamtion of acetone (dimethy Ike tone) from calcium acetate, a 
certain quantity of marsh gas is always formed. 

It is not clear how Liebig became acquainted with the fact that 
benzene is fonn^od by tho dry distillation of coal, as his pupil Hof- 
mann, who obtained it in 1845 from coal-tar, observes: “It is 
frequently stated in memoirs and text-books that coal-tar oil contains 
benzene. I am, however, unacquainted with any research in which 
this question has been investigated.” It is, however, worthy of 
remark that about tlie year 1834, at the time when Mitscherlich had 
converted benzene into nitrobenzene, tho distillation of coal-tar was 
carried out on a largo scale in the neighbourhood of Manchester ; tho 
naphtha which was obtained ^vas employed for the purpose of dissolving 
tho residual pilch, and thus obtaining black varnish. Attempts were 
made to supplant the naphtha obtained from wood-tar, which at that 
time was much used in tho hat factories at Gorton, near Manchester, 
for tho preparation of “ lacquer,” by coal-tar naphtha. The substitute, 
however, did not answ'or, as the impure naphtha left, 011 evaporation, 
so unpleasant a smell, that tho wwkmcn refused to employ it. It 
was also known about the year 1838, that wood-naphtha contained 
oxygen, wliilst that from coal-tar did not, and henco Mr. John Dale 
attempted to convert the latter into tho former, or into some similar 
substance. By the action of sulphuric acid and potassium nitrate, ho 
obtained a liquid possessing a smell resembling that of bitter almond 
oil, tho properties of which ho did not further investigate. This was, 
however, done in 1842 by Mr. John Leigh, who exhibited considcrablo 
quantities of benzene, nitrobenzene, and dinitrobenzene, to tho 
Chemical Section of tho British Association meeting that year in 
Manchester. Ilis communication is, however, so printed in tho 
Report, that it is not possible from tbo description to identify tho 
bodies in question. 

Largo quantities of benzono were prepared in 1848, under Hof- 
mann’s direction, by Mansfield, who proved that the naphtha in coal- 
tar contains homologues of bcuzcucs, which may bo sopai*atcd from it 
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by fractional distillation. On the 17th of February, 1856, Mansfield 
was occupied mth the distillation of this hydrocarbon, which ho 
foresaw would find further applications, for the Paris Exhibition, in 
a still. The liquid in the retort boiled over and took fire, burning 
Mansfield so severely that ho died in a few days. 

The next stop in the production of colours from benzene and 
toluene is the manufacture of nitrobenzene, CflllgNOa and nitrotolueno, 
C 7 H 7 NO 2 . The former compound, discovered in 1834 by Mitschcrlich, 
was first introduced as a technical product by Collas under the name 
of artificial oil of bitter almonds, and Mansfield in 1847 patented a 
process for its manufacture. It is now used for perfuming soap, but 
mainly for the manufacture of aniline (CcHeNlIa) for aniline blue 
and aniline black and for magenta. It is made on a very large scale 
by allowing a mixture of well-cooled fuming nitric acid and strong 
sulphuric acid to run into benzene contained in cast-iron vessels pro- 
vided with stirrers. 

To prepare aniline from nitrobenzene, this compound is acted 
upon with a mixture of iron turnings and hydrochloric acid in a 
cast-iron vessel. Commercial aniline is a mixture of this compound 
with toluidine obtained from toluene contained in commercial benzene. 
Some idea of the magnitude of this industry may bo gained from tho 
fact that in one aniline works near Manchester no less than 500 tons 
of this material are manufactured annually. From tlie year 1857, 
after Perkin’s celebrated discovery ^ of tho aniline colours, up to tho 
present day, tho history of the chemistry of tJio tar products has been 
that of a continued series of victories, each one more remarkable than 
the last. 

Coal-tar Colours . — To oven enumerate tho different chemical com- 
pounds which have been prcparcil during tho last tliirty years from 
coal-tar would be a serious task, whilst to explain their constitution and 
to exhibit, tho endless variety of their coloured derivatives which are 
now manufactured would occui^y far more time than is placed at my 
disposal. Of tho industrial importance of these discoveries, tho 
speaker reminded his audience of the wonderful potency of chemical 
research, as shown by tho fact that tho greasy material which in 1869 
was burnt in tho furnaces or sold as a chca 2 > waggon grease at the rate 
of a few shillings a ton, received two years afterwards, when pressed 
into cakes, a price of no less than ono shilling per pound, and this 
revolution was caused by Grabe and Liobennann’s synthesis of 
alizarin, tho colouring matter of maddor,‘|’ which is now manufactured 


* Sco Lectures by Professor Ib)rinann, F.ll.S., *Ou Mauvo and Magentn/ 
Apiil II, J8b2, ami W. 11. Perkin, F.R.S., ‘On the Newest Culouring Mafitters,* 
M.iy M, 18<;0, Pjoc. R#y Inst.; also Prjsidcnt’s AddrcbS (Dr. Perkin, F*U R.), 
‘Journal of Society of Chemical Industry,* Vol, IV., July 1881, on Coal Tar 
Odours. 

t ‘On the Artificial Production of Alizarine, tho Colouring Matter of 
MaddeiV by Prof. II. K. Uoscoc, Proc Roy, lust., April I, 1870; also Dr. Pcikin, 
F J{ S , ‘ On llic Ilistojy of Alizarine,* Joiiruul Rocii ty of Arts, May 80, IS7‘J. 
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from antbracono at a rato of more than two millions sterling per 
annum ; and it is stated that an offer was once made, in the earlier 
stages of its history, by a manufacturer of anthracene to the Paris 
authorities to take up the asphalt used in the streets for the purpose 
of distilling it, in order to recover the crude anthracene. 

Again, we have in the azo-scarlets derived from naphthalene a 
second remarkable instance of the replacement of a natural colouring 
matter, that of the cochineal insect, by artificial tar-products, and the 
nai)hthol-yellow8 arc gradually driving out the dyes obtained from 
wood extracts and berries. It is, however, true that some of the natural 
dye-stuffs appear to withstand the action of light better than their arti- 
ficial substitutes, and our soldiers* red coats are still dyed with cochineal. 

The introduction of these artificial scarlets has, it is interesting 
to note, greatly diminished the cultivation of cochineal in the Canaries, 
where, in its place, tobacco and sugar are now being largely grown. 

Let us next turn to inquire as to the quantities of these various 
products obtainable by the distillation of one ton of coal in a gas- 
retort. Tho six most important materials found in gas-tar from which 
coloui*s can bp prepared, are : — 

1. Benzene. 4. Metaxyleno (from solvent naphtha). 

2. Toluene. 5. Naphthalene. 

3. Plicnol, 6. Anthracene. 


Tho average quantity of each of tbeso six raw materials obtainable 
by tho destriictivo distillation of one ton of Lancashire coal is seen 
in Table I. Moreover, this table shows tho average amount of certain 
colours which each of these raw materials yields, viz. 


2'|Magcnta 0-623 lb. 
3. Aurin 1-2 lb. 


4. {Xtjlidine 0*07 Ih,) 

5. Vermilline scarlet 7-11 lbs. 

6. Alizarin 2 • 25 lbs. (20%). 


Further it shows the dyeing power of tho above quantities of 
each of these colours, all obtained from one ton of coal, viz. : — 

1 and 2. Magenta, 500 yards of flannel. 

3. Aurin, 120 yards of flannel 27 in. wide. 

g'|Vermillino scarlet, 2560 yards of flannel. 

6. Alizarin, 255 yards Turkey red cloth. 

Lastly, to point out still more clearly these relationships, tho 
dyeing-power of one pound of coal is seen in tho lowest horizontal 
column, and hero wo have a particoloured flag, which exhibits the exact 
amount of colour obtainable from ono pound of Lancashire coal. 

Let us moreover remember, in this conlt'xt, that no less than 
ton million tons of coal arc used for gas-making every year in 
this country, and then lot us form a notion of tho vast colouring 
power which this quantity of coal represents. 
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The seyoral colours hero chosen as examples are only a few 
amongst a very numerous list of varied colour derivatives of each 
group. Thus we are at present acquainted with about sixteen distinct 
yellow colours ; about twelve orange ; more than thirty red colours ; 
about fifteen blues, seven greens, and nine violets; also a number 
of browns and blacks, not to speak of mixtures of these several 
chemical compounds, giving rise to an almost infinite number of 
shades and tones of colour. These colours are capable of a rough 
arrangement according as they are originally derived from one or 
other of the hydrocarbons contained in the coal-tar. The fifty 
specimens of difierent colours exhibited may thus bo classified, but 
in this Table, for the sake of brevity, only the commercial names and 
not the chemical formulm of those compounds is given. 

Azo-colours . — Amongst the most important of the artificial colour- 
ing matters may be classed the so-called azo-colours. These colours 
are chiefly bright scarlets, oranges, rods, and yellows, with a few 
blues and violets. They owe their existence to the discovery by 
Gricss, in 1860, of the fact that the so-called azo-group — N = N — 
can replace hydrogen in phenols and amido compounds. But it is 
to Dr. O. N. "VV/lt that is due the honour of having given the first 
start in a practical direction to the chrysoidinc class of azo-colours 
by the discovery of chrysoidinc, and perhaps still more so by the 
suggestions contained in a paper read before the Chemical Society. 
Dr. Caro, of Mannheim, was also acquainted with several compounds 
which belong to this class at the time Witt published his results, but 
it docs not appear that he made practical use of them until Witt 
introduced the chrysoidines and tropeolines. To Roussin, of the 
firm of Poirrier of Paris, is duo the credit of having first brought 
into the market some of the beautiful azo-derivatives of naphthol. 
Grioss, therefore, as the original discoverer of the typical compounds 
and reactions by which the azo-colours are obtained, may be considered 
os the grandfather, whilst Roussin and Witt are really the fatliers, of 
the azo-colour industry. Nor must it bo forgotten that it is to 
Perkin wo owe the recognition of the value of the sulpho group in 
relation to azo-colours, a discovery patented in 1863. Moreover it is 
interesting to note that changes in colour from yellow to red and 
claret aro effected by the increase in the molecular weights of the 
radicals introduced as well as by the relative positions occupied by 
these groups. 

IntUrphenol . — Witt is also the discoverer of a new blue dye-stuff 
termed indophenol, which has been used as a substitute for indigo. 
Certain difl&culties, however, have arisen in the adoption of this colour 
on the large scale. The most important use indophenol is at present 
put to is for producing dark blues on rods dyed with azo-colours, 
both on wool and cotton. The piece goods are dyed a uniform red 
first, and then printed with indophenol white ; for like indigo itself 
indophenol yields a colourless body on reduction, and this being a 
very powerful reducing agent destroys the azo-colour, being itself 
transformed into indophenol blue. The process works wiUi surprising 
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nicety and is very cheap. The blue is formed and the rod discharged 
with such precision that patterns can be produced in which the blue 
discharge covers a great deal more space than the original red. This 
new printing process was devised by Mr. H. Koochlin, of Lorrach. 
The reds used for the purpose are in the case of wool, the usual 
azo-scarlets, for cotton congo-red. 

Artificial Indigo , — About five years ago the speaker had the 
honour of bringing before this audience * the remarkable discovery 
made by Baeyer of the artificial production from coal-tar products of 
indigo blue. Since that time but little progress has been made in 
this manufacture, as the cost of the process, unlike the case of alizarin, 
has as yet proved too serious to enable the artificial to compete suc- 
cessfully in the market with the natural indigo. 

Through the kindness of a number of eminent colour manu- 
facturers in this country and on the Continent, the speaker was 
enabled to illustrate his subject by a most complete series of speci- 
mens both of the colours themselves and of their application to the 
dyeing and printing of fabrics of all kinds. His thanks are especially 
due to his iViohd, Mr. Ivan Levinstein, of Manchester, for tho 
interesting series of samples of cloth dyed with known quantities of 
fifty dilTcrent coal-tar colours, each having a different chemical com- 
position ; also to the same gentleman, and to Messrs. Burt, Boulton, 
and Haywood, of London, for tho interesting and unique series of 
specimens indicating the absolute quantities of products obtainable 
from one ton of coal, as well as for much assistance on the part of 
Mr. Levinstein in the preparation of the experimental illustrations 
for this discourse. To Dr. Martins of Berlin for a valuable series of 
colours, especially tho well-known Congo red, made by his firm, 
including samples of wool dyed therewith, he is also much indebted. 
For the interesting details concerning indophentd and its applica- 
tions the speaker owes his thanks to Dr. Witt and M. Koechlin. 

Coal-tar Antipyretic Medicines . — Next in importance to the colour 
industry comes the still more novel discovery of the synthetical 
production of antipyretic medicines. 

Up to this time quinine has held undisputed sway as a febrifuge 
and antiporiodic, but tho artificial production of this substance has as 
yet eluded the grasp of tho chemist. Three coal-tar products have, 
however, been recently prepared which have been found to possess 
strong febrifuge qualities, which if still in some respects inferior to 
the natural alkaloids, yet possess most valuable qualities, and are now 
manufactured in Germany at Hcichst and at Ludwigshafon in largo 
quantity. And here it is well to call to mind that the first tar 
colouring-matter discovered by Perkin (mauve) was obtained in 1856 
during the prosecution of a research which had for its object tho 
artificial production of quinine. 

* ‘Ou Indigo and Ha Artificial Production,’ Proc. Roy. Inst., May 27th, 1881. 
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In considering the historical development of this portion of his 
subject, the speaker added that it is interesting to remember that the 
initiative in the production of artificial febrifuges was given by 
Professor Dewar’s discovery in 1881 that quinoline, the basis of those 
antipyretic medicines, is an aromatic compound, as from it he 
obtained aniline. Moreover, that Dewar and McKendrick wore the 
first to observe that certain pyridine salts act as febrifuges. So that 
these gentlemen may be said to be the fathers of the antipyretic 
medicines, as Witt and Boussin are of the azo-colour industry. 

Katrine^ the first of these, was discovered by Prof. O. Fischer, of 
Munich, in the year 1881, whilst engaged on his investigations of tho 
oxyquinolines. The febrifuge properties of this substance were first 
noticed by Prof. Filehne, of Erlangen. Kairine is manufactured from 
quioolino, a basic product derived from aniline by heating it with 
glycerin and nitrobenzene by the following process. When treated 
with sulphuric acid, SO 4 H 2 , it forms quinoline sulphonio acid, and 
this when fused with caustic soda yields oxyquinoline^ which is then 
reduced by tin and hydrochloric acid into totrahydroxyquinolino, and 
this again on treatment with C 2 H 5 Br yields ethyl-tctraoxyquinolino 
or kairine. Tho lowering of the temperature of the body by this com- 
pound is most remarkable, though, unfortunately, tho action is of 
much shorter duration than that efe)ctod by quinine itself ; but on tho 
other hand, with the exception of its burning taste, it exerts no 
evil effects such as are often observed after administration of largo 
doses of quinine. The commercial article is tho hydrochloride, 
the price is 85s, per lb., and the quantity manufactured has lately 
diminished owing to tho discovery of tho second artificial Jpbrifuge, 
antipyrine. 

The following graphical formula shows the constitution of 
kairine 

A 

HCI 

Anlipj/nne, tho second of those febrifuges, was discovered in 1883 
by Dr. L. Knorr in Erlangen, and its physiological properties wore 
investigated by Prof. Filehne of Erlangen. Tho materials used in 
the manufacture of antipyrine are aniline and aceto-acotic other. Tho 
aniline is first converted into phonylhydrazino, a body discovered by 
Emil Fischer in 1876. This body combines directly with aceto-acctic 
ether, with separation of water and alcohol, to form a body called 
pyrazol ^CioHioNgO). The methyl derivative of pyrazol derived by 
treating it with iodide of methyl, is antipijrinc, its composition -being 
CnHiaNjO. As a fisbrifuge, antipyrine is superior in many respects 
to kairine and oven to quinine itself. It equals kairine in tho certainty 
of its action whilst in its duration it resembles quinine. It is almost 
tasteless and odourless, is easily soluble in cold water, and takes tho 
form of a white crystalline powder. Its uso as a medicine is occom- 
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panied by no drawbacks. It occurs in commerce in the free state. 
The production of antipyrine, in spite of these valuable qualities, is as 
yet small, its chief employment being in Germany, where it has been 
successfully used in cases of typhoid epidemic. The price is 6a. per 
pound. 

The following equations explain the formation and constitution of 
this interesting body. The foregoing febrifuges are manufactured at 
Hochst under the superintendence of Dr. Pauli, to whose kindness the 
speaker is indebted for an interesting series of specimens illustrative 
of the manufacture of antipyrine. 

CII3.CO.OII2.COAH5 + 

Acetoacetic ether Phenylhydrazine 

= H ,0 + C,H,.OH + C„ H..N ,0 

Pyra7X)l 

C.oHioN^O + ICH3 = IH.C,oH,(CH3)N30 
Antlpynno-Lydnodide 


Dr. Knorr formulates pyrazol thus : 


N NH 


CoH* 


\ 


\ 


/ 

cZ-CII, 


And antipyrine is 


CO CH3 

N N CH, 



The antipyretic cfifcci of this compound is strikingly shown in the 
following temperature readings in a case of typhoid kindly com- 
municated to the speaker by his friend Dr. Dreschfeld of Manchester. 
Each of the second set of readings was made two hours after a dose 
of 30 grains of antipyrine had been administered. 


I. 

11. 

Diff. 

105*0 

103*0 

2^0 

103*5 

100*2 

3*2 

103*8 

100*8 

3*0 

105*2 

101*4 

3*8 

104*4 

100*6 

3*8 


ThalUne , — The third of the artificial febrifuges is thallinCy which is 
oifered as the tartrate and sulphate. It is manufactured by the Badischo 
Company. Thalline is said to bo used as on antidote for yellow 
fever. Its scientific name is tetrahydroparaquinanisol, and it was first 
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prepared by Skraup by the action of methyl iodide and potash on 
paroxyquinoline. 

We must, however, bear in mind that none of these synthetical 
febrifuges are antiperiodics, and therefore cannot be employed instead 
of the natural alkaloid quinine in cases of ague or intermittent fevers. 

Coal-tar Aromatic Perfumes, — A third group of no less interest 
comprises the artificial aromatic essences, and of these may here be 
mentioned, in the first place, cumarin, C9HBO2, the crystalline solid 
found in the sweet woodruff, in Tonka bean, and in certain swoet- 
Bconted grasses. This is now artificially prepared by acting upon 
sodium salicyl aldehyde with acetic anhydride by the reaction which 
is associated with the name of Dr. Perkin, and is used in the manu- 
facture of the perfume known as “ extract of new-mown hay.*’ 

A second interesting case of a production of a naturally occurring 
favour, is the artificial production of vanillin^ the crystalline prin- 
cipal of vanilla. Vanilla is the stalk of the Vanilla planffoUa^ 
which incloses in its tissues prisms of crystalline vanillin, to which 
substance it owes its fragrance. Tiemann and Harrmann showed that 
vanillin is the aldehyde of methyl protocatechuio acid 

CACOH) (OCH,) CHO, [CHO : OCH, : OH ^ 1 : 3 : 1]. 

The chief seats of the vanilla productions are on the slopes of 
the Cordilleras north-west of Vera Cruz in Mexico, also the island 
of R6union, and in the Mauritius. Since the discovery of the arti- 
ficial production of vanillin, the growth of the vanilla has boon very 
much restricted. 

A variety of vanilla, termed vanillon, obtained in the EftSt Indies, 
has long been used in perfumery for preparing “ essence of helio- 
trope.” This contains vanillin together with an oil, which is probably 
oil of bitter almonds. The essence of white heliotrope is now entirely 
prepared Tby synthetical operations. It is manufactured by adding a 
small quantity of artificial oil of bitter almonds to a solution of 
artificial vanillin ; when these substances are allowed to remain for 
some time in contact, the mixture assumes an odour closely resembling 
that of natural heliotrope. Through the kindness of Mr. Rimmol 
the speaker was able to render the fragrance of this coal-tar perfume 
perceptible to his audience. Nor must we forget to mention the so- 
callcd essence of mirbano (nitrobenzene), of which about 150 tons 
per annum are used for perfuming soap ; and artificial oil of bitter 
almonds, employed as a flavour in place of the natural oil. 

Poal-tar ScLccharine . — Of all the marvellous products of tho coal- 
tar industry, the most remarkable is perhaps the production, of a 
sweet principle si^passing sugar in its sweetness two hundrei and 
twenty times. This substance is not a sugar, it contains carbon, 
hydrogen, sulphur, oxygen, and nitrogen. Its formula is 
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and its chomical name is bonzoyl sulphonic imido, or for oommon 
use, saccharine. It does not act as a nutriment, but is non-poisonous, 
and passes out of the body unchanged. The following is a concise 
statement of its properties, and mode of production from the toluene 
of coal-tar. It should, however, bo first mentioned that the compound 
benzoyl sulphonic imide ('saccharinol was first discovered by 
Constantin Fahlberg and Romsen, in America. But no patent was 
taken out for a commercial process till recently, and it is now 
patented in this country. 

Step I. — Toluene is treated with fuming sulphuric acid in tho 
cold, or it is heated with ordinary sulphuric acid of 108.^'’ Twaddoll 
on tho water-bath, or not above lOO'^ C. Tlic latter method is tho 
better. Tho acid is best caused to act upon the toluene in closed 
vessels rotating on horizontal axles. 

c.ir.cir, + so,H, = cji, qh + 

Toliu ne. Tolueno sulphonic acids 

(oitliu and para). 


Step II. all toluene (which as toluene is insoluble in tho 

acid) has disappeared, tho contents of tho agitating vessel are run 
into wooden tanks in part filled with cold water, and the whole liq[uid 
is stirred up with chalk to neutralise the excess of sulphuric acid used 
and to obtain tho two isomeric toluene sulphonic acids as calcium 
salts. 

2(CJI. Ig"; oil) + so JI, + 2(CaC03) = 

I'oluono, oitho- .ukI 
paia-sulphonic atids 

+ 2COs + 2H,0. 

Cahlnin tohu-no ortho- 
and pura-bulphonales 

The neutralised mass is filtered through a filter-press to separate 
therefrom tho precipitate of gypsum, which is washed with h<jt 
water, and tho washings added to tho filtrate. 

Step III. — The calcium salts arc now treated with carbonate of 
sodium, to obtain the sodium salts, with precipitation of carbonate 
of calcium. The precipitate is removed by means of a filter- 
press from the solution containing tho sodium ortho- and para- 
sulphonates. 

The bwlUiin toluene sulphon.Ues 

Step IV. — The solution of tho sodium salts from III, is evapo- 
rated either in an open- or in n vacuum-pan so far that a portion taken 
out will solidify on cooling. Tho contents of tho pan are then run 
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into moulds of wood or iron, and allowed to cool and solidify, Tho 
lumps are at length taken from the moulds, broken up small, and dried 
in a drying-room, and subsequently in a drying apparatus heated 
with steam, until quite desiccated. 

Step V. — The sodium sulphonato salts are now converted into 
their corresponding siilphonic chlorides. This is effected as follows: — 
The dried sulphonatos are thoroughly mixed with phosphorus tri- 
chloride, itself as dry as possible. Tho mixture is then placed in 
lead-lined iron vessels, and a current of chlorine is passed over tho 
mixture till the reaction is ended. Tho temperature generated by 
tho reaction must be properly regulated by cotding tho apparatus 
with water. Tho phosphorus oxychloride resulting from the decom- 
position is driven off, collected, and utilised for developing chlorine 
from bleaching powder for the chlorinating j)rocess, phosphate of 
lime being precipitated, wdiich can be used in manures. For tliis 
purpose the oxychloride is treated with water, and the mixture, now 
containing hydrochloric and phosphoric acids, is brought into contact 
with the chloride of lime. 

The reaction by which the ortho- and para-toliieno siilphonic 
chlorides are produced is indicated by the following equation : — 

^‘“^{s^Na + + 2C1) = C.H, + POCl, + NaCI 

Toluene fulphonlc < liloiulo'^ 

The two siilphonic chlorides remaining in tho ajqmratus aro 
allowed to cool slowly, when tho solid one (tho para compound) is 
deposited in large crystals, so tliat tho liquid ono can be (easily 
removed by the aid of a centrifugal machine. Tho crystalHno residue 
is freed from all the liquid sulphonio chlorido by washing with cold 
water. Only the liquid orthotolueno sul phonic cJiloridc is capable of 
yielding saccharine, and the liquid product above separated is cooled 
with ice to crystallise out tho last traces of the crystalline compound. 
The solid parasulphonic chloride obtained as by-product, is decom- 
posed into toluene, hydrochloric, and sulphurous acids by mixing it 
with carbon, moistening tlio mixture, and subjecting it under pressure 
to the action of superheated steam. The total change proceeds in two 
stages : — 

+ HCl. 

2. 2 + C = 2(C.H..CH3) + CO, + SO,. 

The toluene is then nsed again in Stop I., and the hydrochloric and 
sulphurous acids in Step VII. 

Step VI. — The liquid orthotolueno sulphonic chlorido ifi now 
converted into the orthotolueno sulphonic amide by treating tho former 
with solid ammonium carbonate in the required proportions, and sub- 
jecting the resulting thick pulpy mixture to tho action of steam. 



LIBRARY OF SCIENCE 


375 


Carbonic acid is act free, and a mixture of orthotoluene Bulphonio 
amide and ammonium chlorido remains. 


+ (NH,),C0, = C.H, {CH, + nH,C1 + H,0 + CO,. 

Toluene bulphonlc chloride Toluene bulplionic amide 


As the mixture is very liable to solidify on cooling, cold water is at 
once added to prevent this, and to dissolve out the ammonium chlorido, 
the amide remaining in the solid state. The liquid is sejmrated by 
centrifugating. 

Stef VII. — The orthotoluene sulphonic amide is now oxidised, 
preferably by moans of potassium permanganate. The result of this 
will be, precipitated manganese dioxide, free alkali and alkaline 
carbonate, and an alkaline orthosulphamido-benzoate. The alkaline 
liquid requires careful neutralisation during the oxidising pi'ocess, 
and especially before evaporating, with a mineral acid, or else the 
sulphamido-benzoato formed would be again split up into ortho- 
sulphonic benzoate and free ammonia, thus : — 


^ „ fCO.ONa 
Nil, 


+ NaOlI = 


CO.fiNa 

SOj.ONa 


+ Nil,. 


The oxidation process itself is thus represented : — 




/cn, 

\SO2.NlI, 


+ 30 + NaOlI = + 211,0. 

Sodium «)TLliot«ducn(y 
bulphanib /-bciwouto 


By precipitation with dilute mineral acids, such as hydrochloric or 
sulphurous acids, the pure benzoyl sulpbonic imide is at onco pre- 
cipitated : — 

+ nCl = NaCl + 11,0 + }nH. 

"Sacclinrino,” or benzoyl 
bul phonic imnlc 

Saccharine possesses a far sweeter taste than cane sugar, aud has a 
faint and delicate flavour of bitter almonds. It is said to be 220 
times sweeter than cane sugar, and to possess considerable antiseptic 
properties. On this account, and because of its great sweetness, it is 
possible that it may bo useful in producing fruit preserves or jams, 
consisting of almost the pure fruit alone ; the small percentage of 
saccharine necessary for sweetening these preserves being probably 
sufiicient to prevent mouldiness. Saccharine has been proved by 
Stutzer, of Bonn, to bo quite uninjurious when administered in con- 
siderable doses to dogs, the equivalent as regards sweetness in sugar 
administered, being comparable to over a pound of sugar each day, 
Stutzer found, moreover, that saccharine does not nourish as sugar 
does, but that it passes off in the urine unchanged. It is proposed 
thus to use it for many medical purposes, wdicre cane sugar is excluded 
from the diet of certain patients, as in cases of “ diabetes mellitus,'* 
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and in this respect it may prove a great boon to suffering humanity, 
although we must remember that, as certain of the aromatic compounds 
if administered for a length of time are known to exert a physiological 
effect, especially on the liver, it will bo desirable to use caution in 
the regular use of saccharine until its harmless action on the human 
body has been ascertained beyond doubt. 

Saccharine is with difficulty soluble in cold water, from hot 
aqueous solutions it is easily crystallised. Alcohol and ether easily 
dissolve it. Hence from a mixture of sugar and saccharine, ether 
would easily separate the saccharine by solution, leaving the sugar. 
It melts at about 200° C. with partial decomposition. 

The taste is a very pure sweet one, and in comparison with enno 
sugar it may bo said that the sensation of sweetness is much more 
rapidly communicated to the palate, on contact with saccharine, than 
on contact with sugar. The speaker expressed his thauks to the dis- 
coverer of saccharine. Dr. Fahlberg, of Loipzic, for a complete and 
interesting series of prepaiations illustrating the domestic and 
medicinal uses of this remarkable compound, and also to his friend 
Mr. Watson Smith for the kind aid afforded him in the experimental 
illustration of his discourse. 

[II. E. R.] 



Friday, May 7, 1886. 

William Huggins, Esq. D.C.L. LL.D. F.K.S. Vice-President, 
in the Chair. 

Fbbderiok Siemens, Esq. 

On Dissociation Temperatures with special reference to Pyrotechnical 

questions. 

In bringing the subject of dissociation before the Royal Institution of 
Great Britain, I wish it to be understood that I propose to confine 
myself to its influence on combustion and beating, that is to say, to 
its effects on combustible gases and the products of combusthm, and 
on furnace work generally. My researches have been made for the 
most part in connection with large gas furnaces constructed according 
to my new sy stern of working with radiated heat, or what may bo 
otherwise called free development of flame. In perfecting this system 
of furnace the principle of which is in many respects the reverse of 
that generally accepted, both as regards construction and working, 
I had to examine into the accuracy of certain scientific theories which 
could not be brought into harmony with the actual results I obtained. 

In order that I may bo clearly understood it is' necessary to 
describe shortly my system of furnaces before entering upon the 
theory which alone appears to explain satisfactorily the practical re- 
sults obtained by its means. These furnaces have of late been largely 
introduced and are now extensively applied. I first described them 
in a paper read at the Meeting of the Iron and Steel Institute held 
at Chester in September 1884; their main peculiarity consists in the 
arrangements by which the heat is abstracted in two different w'ays, 
and at two different periods. In the first, or active, stage of com- 
bustion the flame passes through a large combustion chamber (all 
contact with its surfaces being avoided), and parts with its neat by 
radiation only ; while in its second stage the products of combustion 
are brought into direct contact with the surfaces and materials to bo 
heated, by which means the remainder of its heat is abstracted. This, 
in a few words, is a description of the method of heating with free 
development of flame, and it now only remains to explain how to 
construct fireplaces and furnaces on this principle. 

As regards its principal application hitherto, namely, to regene- 
rative gas furnaces, the two successive stages of heating ore, by 
radiation in the furnace chamber, and by contaot in the regenerators. 
The flame during active combustion heats the furnace chamber and 
material placed therein by radiation only, and as soon as this stage is 
completed the fully burnt gases enter the regenerative chambers and 
deposit their remaining heat by coming into contact with the loose 
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brickwork filliDg them. As it is essential that the ilamo during its 
first stage, while still in chemical action, should give up heat by 
radiation only, it is found absolutely necessary that it should not 
touch the sides or walls of tho furnace chamber, or any material con- 
tained in the furnace. The sides and arches of tho furnace and tho 
flues leading into it must therefore be so arranged that the Jiainc does 
not touch anything, and its length must be sufiicient to allow time for 
complete combustion before the flame leaves it. W hen regenerative 
furnaces arc arranged so as to fulfil these conditions the heat de- 
veloped by the flame is much more intense than otherwise, while 
notwithstanding the higher temperature and increased working power 
attained, their durability is largely augmented. 

Intensity of temperature and durability are two advantages of tho 
greatest importance which were formerly seldom found combined in 
furnaces. The manner in which these advantages are insured in 
the radiation furnace may be thus explained : — 

Adopting the generally accepted theory of combustion, according 
to which a flame consists of a chemically excited mixture of gases, 
whose particles are in violent motion, either oscillating to and from each 
other or rotating around one another, it follows that any solid substance 
brought into contact with gases, thus agitated, must necessarily have 
an impeding effect on their motion. Motion being the primary 
condition of combustion, the latter will be more or l(‘ss interfered with, 
according to the greater or less extent of tho siufaccs which impede 
the action of tho particles forming tho flame; in the immediate 
neighbourhood of such surfaces the combustion of the gases will 
cease altogether, because tho attractive influence of the ^inrfaces will 
entirely prevent their motion ; furtlicr off, their combustion will be 
partial, and only at a. comparatively great distance the j)articlc8 of gas 
will be free to continue unimpeded the motion required to maintain 
combustion. On the other hand, the surfaces themselves must sufter 
from the motion of the particles of gas producing the flame, for 
however small these particles may be, they produce, while in such 
violent motion, an amount of energy which acting constantly will in 
time destroy the surfaces opposed to them, just as “continual 
dropping wears away stone.” This circumstance fully accounts for 
the fact that tho inner sides of furnaces, and tho materials they con- 
tain, aro soon destroyed, not by heat, hut by the mechanical, and 
perhaps also by the chemical action of tho flame. It would seem 
strango that the heating power of a largo volume of flame should bo 
so much interfcrc<l with by the contact of its outer parts ooly with 
the inner sides of a large furnace chamber, if there was not another 
cause besides imperfect combustion to reduce the heating effect of a 
flame, which torches the surfaces to bo heated. A flame Ivhcn in 
tho state of combustion radiates heat not only from its outer surface, 
but also from its interior by allowing tho heat to radiate through its 
mass. In this manner every particlo of flame sends its rays in all 
directions, but if the flame itself touches anywhere combustion coascs 
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thoro, free carbon is liberated and produces smoke which envelopes 
that part and prevents the rays of heat of the other portions of the 
flame from reaching it. 

Radiation plays a much greater part in all heating operations 
than has been hitherto acknowledged, consequently any cause which 
tends to lessen the radiating power of flame, or to screen its rays, 
reduces also the amount of heat which can bo thus utilized. 

If the flame is not allowed to come into contact with bodies to bo 
heated, combustion is improved, while full advantage is also gained 
of its heat-radiating power, which would otherwise be diminished 
more or less, as already explained. The ordinary mode of applying 
flame, by allowing it to impinge directly upon the surfaces to bo 
heated, causes imperfect combustion, prevents the rays of heat from 
reaching them, and also destroys, or tends to destroy them ; this is 
particularly the case when hydrocarbons and carbonic oxide ore used. 
Those statements are fully borne out by the results which I have ob- 
tained in practice with the new and old form of regenerative furnace 
respectively, and they also fully agree with the theoretical explanation 
I have suggested : that theory, however, is still incomplete, as it does 
not deal with the subject of dissociation, a subject to which for various 
reasons I have avoided referring until recently, although it has been 
brought forward by several writers, and used as an argument against 
my new system of furnace ; as according to those writers it would 
appear to be impossible to produce such exceedingly high tempera- 
tures as 1 claim to reach. I have long held the opinion that appear- 
ances of dissociation not being observable in furnaces heated by 
radiation, but occurring in furnaces in which the flame is allowed 
to come into contact with surfaces, must bo duo to the action on tbo 
flame of those surfaces at high temperature, I was led to this con- 
clusion partly from my own observations, and partly from descriptions 
of dissociation observed by others, amongst whom was my brother, 
the lato Sir William Siemens, who described a case of dissociation 
(see lecture delivered March 3rd, 1879, at the Royal United Service 
Institution, entitled “ Oji the production of Steel and its application 
to military purposes *’) which occurred in a regenerative gas furnace 
constructed according to our old views of combustion and heating. 
The conclusion at which I hare arrived is, that solid surfaces, besides 
obstructing active combustion, must also at high temperatures have a dis^ 
sociating injluence on combustible gases and on the products of combustion. 

In order to obtain information on this subject I examined the laws 
and theory of dissociation, and endcavourei to bring the various 
results obtained by scientific authorities into agreement with ono 
another, and with my own expcrionco, but failed entirely in doing so. 
The temporatnros of dissociation of carbonic acid and steam, the two 
principal gases forming the products of comburtion when ordinary 
fuel is used, vary very much according to these observers, and the 
results I have obtained in practice are different from most of them. 
I hope to prove that the teinporaturo at which dissociation sets in, is, 
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in most oases, muoli higher than generally admitted; and that the 
authorities I am about to refer to have omitted in almost all the 
experiments they have made to take into proper consideration ono 
element which is liable to alter materially the results obtained by 
them. This element is the surface, form, and material of the apparatus 
used for those experiments. 

In considering the question of dissociation, I propose to com- 
mence with Deville, who first discovered and called attention to 
the dissociation of gases at high temperatures. Ho made numerous 
experiments with various gases, dissociating steam, carbonic acid, 
and also carbonic oxide (in the latter case producing carbonic 
acid and carbon), and fixed certain temperatures at which he found 
that either complete or partial dissociation took place. Without 
going into details I may mention that Deville required to use vessels 
and tubes of definite dimensions, material, and structure, in order 
to obtain the results stated. One experiment had to be made with a 
porous tube, another required the use of a vessel with rough interior 
surfaces, or containing some rough or smooth material. In this way 
Deville arrived at a great variety of results, and although ho does not 
state that the rough surfaces, or porous tubes, or the solid material 
placed inside the vessels which ho employed, hod any particular 
influence on the temperature at which dissociation took place, yet 
it would appear that he could not obtain his results without having 
recourse to those means. Deville’s results depended very much upon 
the various kinds of surfaces ho used in his experiments, if they were 
not entirely brought about by them ; these experiments, moreover, 
were of a very complicated nature, so I propose to pass j^n to more 
modem authorities whose experiments ore of simpler character, and 
less open to objection. 

The most important experiments, which modify those of Deville, 
are due to Bunsen. Bunsen observed the dissociation of steam and 
carbonic acid by employing small tubes filled with an explosive mix- 
ture of these gases, to which suitable pressure gauges were attached. 
On igniting the gaseous mixture explosion took place, and a high 
momentary pressure was produced within the tube ; from the pressure 
developed Bunsen calculated the temperature at which the explosion 
took place, and found that it varied with the mixtures employed. 
Ho records the circumstance that only about one-third of tho com- 
bustible gases took part in the explosion, from which circumstance 
he concluded that the temperature attained was tho limit at which 
combustion occurred. To prove this, Bunsen allowed tho gases suf- 
ficient time to cool, after which a second explosion was produced, and 
even a third explosion when timo was allowed for tho gases |o cool 
down again. Bunsen’s theory seems very plausible, besides which 
he obtains much higher temperatures for his limits of dissociation 
than other physicists, so that I might have accepted tho figures at 
which he arrives ; these are for steam about 2100'^ C., and for car- 
bonic acid about 3000 ’ C. These temperatures arc probably higher 
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than aro reachod in tho arts, as materials used in furnace-building 
would not withstand such tomperaturos for any length of time ; but 
still I must call attention to the circumstance that if the influence of 
the inner surfaces of tho tubes on the combustion of the gases therein 
could bo removed, tho dissociation temperatures arrived at would bo 
found still higher. I cannot admit that Bunsen’s explanation of tho 
cause of tho second and third explosions is quite satisfactory, as it 
is not tho cooling of tho gases alone which renders the subsequent 
explosions possible, but also tho thorough re-mixture of tho gases by 
diffusion after each explosion. This I will illustrate by means of 
tho diagrams exhibited, Figs. 1 to G, which represent: — 

1. A tube filled with an explosive gas mixture which is shown white. 

2. The same tube immediately after an explosion has taken place, 
the white margin indicating the uncxplodcd mixture close to the 
sides, and the deep-red, towards tho middle of tho tube, tho exploded 
gases. The white is shown as merging into deep-red by degrees, 
because close up to tho sides tho surfaces prevent explosion or 
combustion altogether ; nearer tho middle partial combustion takes 
place, whilst only in tho middle of the tube tho gases find sufficient 
space for c^’iipiwlc combination. 

3. Tho same tube after tho burnt and unburnt gases have mixed 
by means of diffusion, which is coloured light-red. 

4. Tho same tube immediately after tho second explosion, coloured 
light-red at tho sides, turning into deep-red by degrees towards tho 
middle. 

5. Tho same tube after diffusion has done its work a second time, 
coloured a deeper shade of red. 

6. Tho same tube after tho third explosion, coloured nearly 
deep-red throughout, but still a lighter shade on tho sides. 

In Bunsen’s mode of determining dissociation at high tem- 
peratures we have only to deal with tho obstruction which surfaces 
offer to combustion, leaving out their dissociating influence at high 
temperatures which affect most of Devillo’s results. For that reason 
Bunsen arrives at much higher dissociation temperatures than Dovillc, 
and his mode of experimenting possesses tho advantage that it may 
lead to a proper settlement of the question of temperatures at which 
dissociation would set in when taking place in a space unencumbered 
by surfaces. 

I should wish some one more experienced than I am with purely 
physical investigation to make tho following experiment : — 

Take a narrow tube of about tho same size as Bunsen used for his 
experiments, and a hollow sphere of the same capacity, in both of 
which Bunsen’s experiment should be repeated. The sphere offering 
less surface than the tube in proportion to the quantity of gas it 
contains, the dissociation temperature should he found higher in the 
former than in the latter, if my views aro coricct. The results that 
would, in my opinion, bo obtained aro shown approximately by tho 
red and white coloured surfaces in tho diagram (Figs. 7 to 10). 


Figs. 1 -10 (originally printed in red and black) are reproduced here in one colour 
only. 
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From the tomporaturcs thus obtained, in each case, the real 
dissociation temperature, if no surfaces wore present to influence the 
result, might bo approximately calculated. 

Bunsen’s method of experimenting, according to my view of the 
matter, should form the foundation of further research to determine the 
dissociation temperatures of products of combustion. Even if means 
were found for eliminating the influence of surface's, no known material 
at our disposal could withstand the very high tempcratiiro do which 
the vessels or tubes would be subjected if experiments were carried 
out according to Devi lie’s method. 

That the surfaces of highly heated vessels or tubes either pro- 
duce, or tend to produce, dissociation, has been corroborated lately by 
two Russian experimentalists, Menschutkin and Kronowalow. These 
gentlemen found that dissociation of carbonic acid and other gases 
was much facilitated when the vessels used for the experiments wero 
filled with material offering rough surfaces, such as asbestos or broken 
glass. 

My view of the theory of dissociation caused or influenced by 
surfaces, may bo given as follows : — Increase of temperature producing 
expansion of gases will reduce the attractive tendency of the atoms 
towards one another, or, in other words, diminish their chemical 
affinity. In the same ratio as the temperature is increased the 
repelling tendency of the atoms must increase also, until at last 
decomposition, or what is called dissociation, takc'S i>]fice. This being 
admitted, it will fidlow tliat the ndhesivo or condi'iislng intliioneo of 
surfaces on the atoms of the gas, which action will increase at high 
temperatures, will assist this decomposition by increasing^ the repel- 
ling tendency of the atoms. 

Victor Meyer, who at first disputed the accuracy of the results 
obtained by the two physicists I have mentioned, ultimately accepted 
them. .This circumstance I was very pleased to learn as their experi- 
ments confirmed the results I arrived at in practical work with 
furnaces. Thus the question may be considered nearly settled, tho 
more so as Meyer is himself a great authority in questions of dis- 
sociation, having carried out many interesting experiments. Meyer, 
for instance, proved dissociation by dropping molted platinum into 
water, and finds that oxygen and hydrogen are evolved from tho steam 
produced. There can be no doubt on this point, but the question 
arises whether heat is tho solo agent that brings about the dissocia- 
tion of steam in this case. In the first place the dissociating influence 
of tho highly heated surfaces of platinum on steam has to be taken 
into consideration, and secondly tho chemical affinity which pjatinum 
has for oxygen, and still more for hydrogen. Tho same temarks 
apply to Meyer’sK5Xperiinentof passing steam or carbonic acid through 
hoat^ platiuum tul)OS, in which case ho obtains only tracc8W>f dis- 
sociation, the temperature being much lower. Other expol’imouts 
might be mentioned, but none lead to a different conception of the 
question. 
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There is one other circumstance connected with dissociation, proved 
by experiment, which however, requires explanation. It is considered 
as a sure sign that dissociation is going on when a flame whose tem- 
perature is raised becomes longer ; this it is said can only be 
accounted for by dissociation taking place. I agree with this con- 
clusion, but the experiments by which it has been proved have been 
made, like others refl^rred to, in narrow tubes or passages in which 
the dissociating action of the heated surfaces must come into play. 
It is not alono tho Ik at to which the gases are raised tliat in these 
cases causes dissociation and increases the length of tlie flame, but 
also tho influence of tho heated surfaces in c to it act w’ith the com- 
bustible gases, more especially if these gases contain hydrocarbons. 
The extension of the flaino is also partly due to the obstruction w^hicli 
the surfaces oiler to the rcconilmstion of tbe dissociated ga«=cs tbrougb 
want of space. If tlio same flame be allowed free development in a 
space uneneumbcTed by surfaces, as in my radiation furnace, no such 
extension of its length w’ould be observed; but, on tlio contrary, it 
would get shorter with increase of temperature. This action can bo 
best observed in a regenerative gas-burner whose flame is shorter the 
greater tho intensity of tho temperature, and then^forc of the light 
produced. On tho other hand, flame may bo extended almost to any 
length if conducted through narrow passages ; this may bo seen in 
regenerative furnaces which will send the flame to the top of the 
chimney if tho reversing valves arc so arranged that the flame, instead 
of passing tliroiigh the furnaco chamber, is made to burn directly 
down into the regoucrators. No proper combustion can then take 
place in the brick chcckcrwork of the regenerative cliambers, and tho 
flame will consequently continue to extend until cooled down below ti 
red heat, being ultimately converted into dark smoke ; thus in this 
case, the extensive surfaces offered by regenerators will act both ways, 
by preventing combustion, and by assisting dissociation. 

It will now be understood that regenerative furnaces themselves 
offer special opportunities for making experiments, most qi.t.stions 
being best settled by the results obtained in actual w’ork. If dissocia- 
tion sets in wm sco tho consequences in want of heat, redue^'d output, 
and in destruction of furnace and material. If tho causes of dissocia- 
tion ai’O removed we immediately become aware of tlio circurastanco 
by a rise in temperature, increased output, longer furnace life, and 
saving of material. 

Similar results may be obtained’ with other furnaces, but tho 
beneficial action will not be so great as in the case of tho regene- 
rative furnace, because tho intensity of heat obtainable in them is 
much lower. 

In applying the principle of heating by radiation, or free develop- 
ment of flame, to boilers, it is necessary to prevent the flame in its 
active stage of combustion from touching eithoi ihe sides of tho boiler 
or its brickwork setting. Tho flame is allowed free space to burn in, 
and thus good combustion is obtained, after which the products of 
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combustion are brought into intimate contact with the surfaces to bo 
heated. While combustion is going on in tho open spaco heat is 
transmitted by radiation only, but after active combustion is com- 
pleted it is transmitted by contact, and it is in this manner that flamo 
must be applied to boilers, and may bo applied equally well to 
nearly all other heating operations. 

In heating a boiler the intensity of heat produced is not very 
great, because tho relatively cold surfaces abstract heat from tho flamo 
very eagerly, thus preventing its temperature from rising above a 
certain point which is below that of dissociation. But although no 
dissociation of the products of combustion can take place in boiler 
firing, the detrimental effect on combustion of tho surfaces of tho 
boiler is nevertheless very great, perhaps, indeed, greater than in any 
other application of firing and heating. Tho cold suiTacc of tlio 
boiler has the power of extinguishing flame altogether, especially if 
brought into actual contact with it, because, besides the peculiar in- 
fluence of surfaces on combustion, the cooling in this case is so great that 
the necessary temperature for combustion cannot bo maintained. Thus 
it seems clear that heating by radiation must be most advantageous for 
firing boilers, but particular care should bo taken that the products of 
combustion, as distinguished from tho flame, are brought as much as 
possible into contact with their surfaces. Galloway tubes are pre- 
ferable to bafflers for this purpose, but it will bo necessary to bo 
careful that combustion is complete before the products of com- 
bustion are allowed to come into contact with those tubes or bafflers, 
as otherwise they would interfere with combustion at that point. 

In the paper I read before the Iron and Steel Institute, to which 
I have already referred, I described a boiler heated on tliu radiation 
principle, fired with the producer gas used in our regenerative gas 
furnaces, and with that boiler no smoko is produced. I will now 
deBcrii)o a boiler worked on the same principle, fired with common 
coal, by tho use of which great saving of fuel is eflccted, and very 
little or no smoke is produced. In this boiler one end of the internal 
flue is lined with brickwork, and contains an ordinary fire-grate, 
while the longer part is furnished with rings of cast iron or fire-clay, 
which prevent the flame from striking on tho inner boiler surface. 
The products of combustion, after leaving the inner flue, whero 
tho flame has not come into contact with the boiler plates, are con- 
ducted underneath and at the sides of tho boiler, and in these channels 
they may be directed by means of bafflers against tho boiler sides and 
bottom. If the internal flue of the boiler is so long that the flamo 
ceases before reaching its extremity, bafflers, in tho form of con^, may 
also be placed at its end for the purpose of causing the products 
of combustion ta strike against its sides. Instead of conei^ cross 
tubes of the Galloway typo may be used with advantage, but it is 
absolutely necessary that active combustion should have ceased before 
tho products of combustion come into contact with either bafflers or 
tub^. In a boiler so arranged and constructed that the flame heats 
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mostly by radiation in its first, and by contact in its second stage, a 
groat saving of fuel is effected, and almost no smoke produced. To 
avoid altogether the production of smoko in this boiler, the fuel 
should be charged on the grate in a uniform manner. It is quite 
impossible to avoid producing smoke and waste if fuel is charged 
unequally on the grate and at irregular intervals, however well the 
boiler may have been arranged and constructed. Various kinds of 
automatic and mechanical coal-feeding arrangements have been sug- 
gested, and some have been applied, but none have given full satis- 
fiiction. At the London Smoko Abatement Exhibition numerous 
apparatus of this kind were to bo seen, and apparently worked 
successfully, but when tested at other places, and under different 
conditions, they have been found wanting, owing to the faulty manner 
in which the flame and products of combustion were dealt with. 
Those clever appliances would, in my opinion, have worked more 
satisfactorily if firing and heating had boon carried out in them in 
two successive stages. 

There is a very simple way of firing, which I have employed, 
that may possibly not be quite now, but answers very well, and does 
not roquiio co'io plicated constructions and appliances, always more 
or less objectionable. It depends upon the following considerations. 
When fresh coal is charged upon incandescent fuel, as is the case in 
the usual mode of firing boilers, the volatile gases of the fresh fuel 
are rapidly evolved, filling the fire-box to such an extent as to prevent 
the ingress of air through the grate, and this occurs at tlio very time 
the air-supply should be considerably increased. Tho result is 
imperfect combustion and consequent waste of tho very best com- 
bustible gases, viz. the hydro-carbons, which cannot burn for want of 
air to combine with ; free carbon is thus liberated from these gases, 
and smoko is produced. In order to avoid smoko, and consequent 
loss of fuel, any sudden production of volatile gases, either during or 
after firing, must bo prevented; and sufficient air should always bo 
introduced, and so distributed, as to burn those gases as quickly as 
they are produced. This can be done in the following manner : — 

Before putting on frcsli coal the burning fuel should bo pushed back 
from tho front part of tho grato and distributed on tho incandescent 
fuel behind, care being taken that this portion of tho grate is entirely 
free from hot fuel. When the front part of the grate has become 
comparatively cool owing to cold air passing through it, fresh coal 
is distributed thereon. Tho freshly charged fuel lying on tho cool 
grato with cold air passing through it will bo heated by radiation 
only, partly from the incandescent fuel behind, partly by the flame 
from its own gases, and partly by the surrounding hot brickwork. The 
volatile gases will consequently be liberated at a comparatively slow 
rate, and will combine with the air which ent* ring through tho inter- 
stices in the fuel on tho cool part of the grate will bo evenly dis- 
tributed over its surface. Gas and air will thus be supplied in nearly 
tho proper proportions for complete combustion of the fuel, and as 
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the production of volatile gases diminishes, the air passing through 
the front part of tho grate, will enter into combustion with tho fuel 
thereon which has been deprived of nearly all its volatile constituents. 
By means of this simple arrangement the sudden production of a large 
volume of volatile gases is avoided, and air in a well divided state is 
always present to consume the gases liberated ; thus smokeless com- 
bustion and saving of fuel are realised. Caro must bo taken that tho 
fresh fuel is charged at regular intervals of time and in equal 
quantities. It still remains to bo considered in what manner tho 
clinkers and ashes may be most easily removed, but by tho use of a 
movable pocket at the far end of the grate to collect them in, and 
a hooked bar to draw it forward at intervals, good pnictical results 
would be obtained. 

Having dealt so fully with the subject of heating furnaces by radia- 
tion, I wish to bo allowed to bring before your notice an apparatus 
for warming rooms by the same means, which I have found to bo 
both satisfactory and economical, and England, I believe, is tho 
country in which it is likely to be fully appreciated, as heating by 
radiation is almost exclusively used for domestic j)urpo8cs here. 

It must be borno in mind that tho rcgcncrativo flame radiates 
much more heat than an ordinary fire or gas flame, because most of 
the heat which passes away from ordinary flames is in this case 
employed to increase the temperature, or to accumulate heat, tho 
intensity of the flame, and consequently its radiating powder, are thus 
much increased, or in other words, the heat ordinarily passing away 
from the flame with the products of combustion is converted into 
radiant heat, ^ 

Tho apparatus to which I refer is a stove provided with a 
regenerative burner , supplied with ordinary illuminating or retort gas, 
and is intended to warm apartments mainly by the radiated heat of 
tho inte;ai8ely hot flame produced ; it was fully described by me in a 
paper read at tho meeting of the Gas Institute held in Manchester 
last year. We find in nature that direct heating is eftected by 
radiation exclusively ; every organism, as well as all mankind, owo 
their existence and development to the radiated heat from tho sun, 
and we should try to imitate nature in our metliods of obtaining 
artificial heat. The Tvind which produces that change of air wo 
require for our well being is another result of tho action of tho sun. 
Both heating and ventilation I have endeavoured to supply by moans 
of this stove. Although there is only a small amount of heat passing 
away from the flame after having heated tho air required for com- 
bustion it is entirely utilised for the sake of economy ; but cases 
where economy is not tho primary object, but hygienic consuUrations 
are paramount, Ao regenerative gas flame is placed at tho foot of 
the chimney in front of the grate in place of the ordinary oual fire. 
The background of the stove is of china or other wdiitc material, to 
act as a reflector, by which means the heat, otlicrwise lost by being 
radiated backwards or sideways, is recovered to assist in warming 
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the room. Owing to the high temporaturo of tho regenerative gas 
flamo and the employment of a reflector, which would be quite impos- 
sible with an ordinary fire, the economy of fuel attained by the use 
of this stove, and in a loss degree by the use of the chimney fire, is 
considerable. Tho maximum consumption of gas in the stove exhi- 
bited is about 12 cubic feet per hour. Considering that the gas 
need not burn constantly, or may be lowered as required, its daily 
consumption may be set down at 60 to 150 cubic foot of gas for an 
ordinary room of about 4000 to 6000 cubic feet capacity. 

There is still one very important point which remains to be 
mentioned in connection with a rogcncnitivo gas flame of high 
intensity, provided with a reflecting background ; that is, tho bettor 
distribution of tho radiated heat. I find that a room warmed by 
means of a stove or open fire, such as described, is of a more uniform 
temperature than when warmed by an ordinary fire or by a gas and 
coke fire, such as my brother was engaged in introducing into this 
country shortly before his death. 

This, in my opinion, is mainly due to the fact that a source of 
radiant heat of low intensity but of largo surface, sending out its 
rays at various angles, heats an object in its vicinity very much more 
than is the case with a smaller source of radiant heat of greater 
intensity, whose rays strike tho object from one direction only, not- 
withstanding that both sources radiate the same quantity of heat. 
This action is illustrated by means of tho two diagrams exhibited, 
Figs. 11 and 12, which represent two rooms, the one, Fig. 12, 
heated by a small flame of high intensity, and the other, Fig. 11, 
by a large flame of low intensity, both radiating JJae same 
quantity of heat. In each room two objects, globes or spheres, 
are represented, tho one close to, and tho other at a distance from 
the source of heat. The object in tho one room near to tho source 
having tho large heating surface is almost enveloped in rays, while 
that in the second receives rays only in one direction, the former there- 
fore being much more heated than tho latter. This dificrcnco does not 
occur when tho tw’o globes at a distance from tho two sources of heat 
are compared. The law that tho ra3’’S of heat are diminished in tho 
inverse ratio of tho square of the distance is only correct as regards 
small but intense sources of heat, whilst the decrease of radiant heat 
takes place in a much higher proj)ortion, in tho case of large sources 
of heat of low intensity. This clearly proves that for tlio purpose of 
warming rooms by means of radiation, it is important that tho heat 
should be concentrated in an intensely hot focus, as is tlio case in 
nature, our earth being warmed in this way by the radiant action of 
tho sun. 

From various coftsiderations I am led to believe that tho question 
of sanitary and economical warming is one which commands a great 
deal of attention in this country. Not many years ago I had to tt*port 
to my own Government on the Smoke Abatement Exhibition, held in 
this city, and 1 understand that a Smoke Abatement Institution has 
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since been inaugurated. There seems to bo a general feeling that 
something will before long have to be used instead of the present 
fireplace with its smoky chimney, especially now that people are 
massed together in enormous cities in which cleanliness and pure air 
are of the greatest importance. Under these circumstances I would 
venture to draw the attention of authorities in sanitary science to the 
method of warming dwellings to which I have shortly referred, os 
resting on a scientific basis, being cleanly and easy of application, 
demanding little or no attention, and fulfilling all sanitary and 
economical requirements, and finally as being entirely free from all 
dissociating infiuences owing to tho free development of the flame. 

[F. 8.] 



Friday, May 14, 1886. 

Henbt Pollock, Esq. Treasurer and Vice-President, in the Chair. 

Professor John Millar Thomson, F.C.S. 

Susjpended Crystallisation, 

The phenomena attending the ordinary solution of metallic salts 
in water have been so often and ably brought before the considera- 
tion of this audience, that I have determined to confine myself tliis 
evening to certain considerations relating to the formation of and de- 
position from so-called supersaturated solutions of these salts. At tho 
same time it is necessary for mo to remind you of one or two points 
connected with tho ordinary solution of a salt in w'atcr, which I may 
enumerate as follow's. 

Tho solubility of a salt in water depends : 

(а) On tho mass of salt presented to the w^ator for solution, and 
the state of aggregation in which that mass may bo at tho time of 
solution. 

(б) Tho temperature at which tho solution of the salt is carried 
out ; rise in temperature generally producing an incrcaso in the 
solubility of tho salt, although there are certain exceptions to this 
rule. 

(c) Each salt has its own definite rate or amount of solubility ; 
some being extremely soluble, as calcium chloride or sodium acetate ; 
others having a very low amount of solubility, as calcium suljdiatc. 

(d) On the cooling of a hot solution containing large quantities 
of salt, a deposition of the salt takes place, which deposition is known 
under the term “crystallisation.” 

Certain salts, however, which generally present abnormal pheno- 
mena in their solution show no tendency to bo deposited from tlioir 
solutions on cooling, provided such solutions are kept covered from 
the access of the outside air. Such solutions are said to have become 
supersaturated. 

This branch of tho subject is tho one which will engage our 
attention. 

It may be divided into two classes, fl) That which occurs in 
the presence of thojindissolved salt; and (2) That which occiirs in 
the absence of the undissolved salt ; this latter class being thb one 
we shall examine. 

Glauber’s salt (sulphate of soda) affords a very good example of this*, 
If tho crystallised sulphate be added to boiling water in a flask, as long 
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as it is dissolved the water will take up nearly twice its weight of 
salt. If this solution be now allowed to cool in an open vessel an 
abundant deposition of crystals will take place, as the water when 
cold will only dissolve about one- third of its weight of crystallised 
sulphate. But if the flask bo tightly corked or stoppered with cotton 
wool whilst the solution is boiling, it may bo kept for several days 
without crystallising, although moved about from place to place. On 
withdrawing the plug, however, the air on entering the flask will pro- 
duce a slight disturbance of the surface of the fluid, and from that 
point beautiful prismatic crystals shoot through the solution until the 
whole has become perfectly solid. 

It is not necessary in preparing such solutions that the flask be 
closed completely with a stopper, as wo find that plugging the neck 
with cotton wool exercises the same effect in preserving the solution, 
and that tlie air which enters the flask during the cooling becomes 
thoroughly deprived of its crystallising influence, evidently under- 
going a filtering process. A very good instanco of tho inability of 
filtered air to start crystallisation is afforded by a solution of alum 
saturated at 104^ F., and allowed to cool in a flask stoppered with 
cotton wool' iu'i.he manner previously described. On withdrawing 
the plug of cotton wool tho crystallisation, whicli in this case takes a 
much longer time to cominouce than w'ith the sulphate of soda, will 
bo seen beginning at various points on tho surface of the liquid, and 
will spread slowly from tlioso, octahedral crystals of alum half an inch 
or more in length being built up in a few seconds. 

It is evident from these two experiments that tho cause of this 
sudden crystallisation is to bo sought for in tho peculiar action of the 
air when it comes in contact with the solution ; but that it is not due 
to tho action of tho air alone is shown by the fact that tho air in tho 
flask plugged with cotton wool must enter during tlic cooling, and 
that therefore the action of tho cotton by filtering tho air in some 
way deprives it of its active property. 

But it will bo found that there are other means of destroying this 
activity without filtering tho air through cotton wool. Thus, if tho 
solution of sodium sulphate containing two-thirds of its weight of 
crystallised salt bo allowed to cool iu a flask closed by a cork, fur- 
nished with two tubes plugged with cotton wool ; on removal of tho 
cotton plugs air may bo blown from tho lungs through the longer 
tube without causing the crystallisation, apparently from tho fact that 
the air has boon deprived of the nucleus which induces the crystallisation 
by passage through tho lungs. On blowing air, however, from a 
bellows, after a few strokes tho solution will be found to solidify 
almost instantaneously. 

Tho earliest ideas concerning this sudden solidification were 
naturally those which supposed that the more entrance of air into the 
flask ui)on opening it started the crystallisation. Tho late Dr. Graham, 
and Professor Thomas Thomson, hold this view ; and the former of 
those chemists carried out a considorablo series of investigations on tho 
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action of different gases in determining the crystallisation. These 
ideas were followed by the statement of Ziz, that not only air but 
also solids were capable of acting as nuclei when dry, but that 
when wet, or boiled with the solution, or placed in it when hot 
and allowed to cool at the same time with it, they lost their effect. 
The activity of air, however, as in itself a nucleus, has been sub- 
sequently shown by Lowel to be incorrect ; but at the same time 
he admits that solid bodies after exposure to air become active. 

In 1851 two chemists, Selmi and Goskynski, introduced the 
explanation that dry air is active by virtue of its getting rid of the 
water at the surface, thus producing small crystals which continue 
the action. This seems to be a repetition of the theory propounded 
by Gkty Lussac, who held that the air absorbed at the surface 
precipitated a portion of the salt in the same way that one salt 
precipitates another, and that this deposition continued the crystal- 
lising action. By an elaborate series of investigations, conducted 
in 1866, and al^ during later years, the French savants, MM. 
Gemez and Violette, came to the conclusion that there is only 
one nucleus for a supersaturated solution, and that is a crystal 
of the body itself; also indicating in certain experiments that 
substances which possess the same crystalline form and chemical 
structure may be found active to supersaturated solutions of each 
other. They have conclusively shown at the same time that 
heated or washed air, or bodies of different constitution but chemi- 
cally clean, remain perfectly inactive as regards their supersaturated 
solutions. 

That disruption of the solution may take place without causing 
crystallisation when the body added is perfectly clean'*' may be 
ea^y shown by carefully removing the cotton plug from a solution 
of sodium sulphate containing only two-thirds its weight of crystals. 
On introducing a perfectly clean platinum wire no crystallisation is 
induced, but on removing the wire and touching it with a substance 
which ^s not previou^y been rendered chemically clean, and on 
again introducing it in the flask, the moment it touches the liquid 
crystallisation is at once induced. 

This question of the nuclear action of substances upon these 
solutions has received considerable attention from English chemists, 
most notably from Mr. Tomlinson, Professor Liversidge, and 
Professor Grenfell, all of whom have conducted elaborate researches 
on the subject, leading, however, to different conclusions with each 
investigator. The arguments held by Tomlinson aro strongly in 
support of some physical cause for the phenomenon, and th^t tho 
rei^t may be brought about by the action of substances possessing 
no chemical relations to the solutions experimented on. Professor 
Liversidge, on the other hand, has tried tho action of several sub- 
stances with the most careful precautions, that their addition to the 
solutions should bo effseted without contamination from, or access of, 
the external air to the flask during the experiments. The result of 
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his inquiries, so far as the substances ho has experimented with are 
concerned, confirms those of Gernez, and limits the number of bodies 
capable of acting as nuclei within very narrow limits. Tn fact, he 
concludes that the only body capable of causing the crystallisation of 
such solutions is a crystal of the substance itself, of exactly the same 
composition as it possesses when in a state of supersaturation. Thus 
Glauber’s salt, which exists in a supersaturatcil solution, combined 
with 10 parts of water, will only crystallise by the addition of a 
crystal of tlic substance also containing 10 paits of water, and is 
perfectly inactive to crystals of the same salt which contain 7 pro- 
portions of water, or those which are anhydrous. 

As it is almost impossible to conceive that our atmosphere is 
laden with minute particles of tho many different metallic salts 
which wo are acquainted with, some hesitation in accepting such a 
limited explanation may bo excusable; but when wa consider that it 
has been shown by Dr. Angus Smith and others that the air, especially 
in the vicinity of largo manufacturing towns, is filled with small 
particles, more especially of Glauber’s salt, we arc nut surprised that 
solutions of this body at least crystallise at once on the removal of 
the filtering medium. And the probability of the explanation may bo 
further strengthened by tho fact that these solutions when opened 
in tho still air of country [)laccs may retain their liquid condition for 
considerable lengths of time. 

At tho same time the limit fixed by Professor Liversidge may 
appear a somewhat narrow one, and experiments made some time ago 
and published in tho ‘Journal of the Chemical Society of London* 
(May 1871), and September 1882), have confirmed a few experiments 
first indicated by Gernez, and go a considerable length in showing 
that bodies possessing not only tho same crystalline form but an 
identical chemical structure aro active nuclei in causing tho 
crystallisation of supersaturated solutions. 

In theso experiments two methods for tlio addition of the nuclei 
intended to excite crystallisation were adopted. The first of thefo 
consisted of a flask and bulb tube, the supersaturated solution i>f tho 
salt to be experimented on being placed in the flask, whilst tlic small 
bulb was filled with a solution of tho body intended to act as nucleus. 
Tho solution in the bulb having been thoroughly boih'd, the tube is 
stoppered with cotton wool and then introduced through the centre 
of a second cotton plug into the neck of tho flask. The contents of 
tho flask are now heated, tho contents of tho bulb receiving a second 
warming from tho steam rising from the solution in the flask. The 
flasks so prepared are then allowed to stand till perfectly cold before 
performing an experiment. When it was desired to perform an 
experiment tho solution of tho body intended as nucleus contained 
in the bulb tube is first crystallised by touc hing with a platinum 
wire, or preferably by introducing a crystal of tho salt contained 
in the bulb. Crystallisation having thus taken placo in tho bulb, 
and tho crystal added having become enclosed in the fresh deposit, 
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the bulb is lowered into the liquid contained in the flask and allowed 
to remain there for some time to show that the disturbance produced 
by its introduction into the fluid does not excite crystallisation. The 
bulb is finally lightly broken under the fluid and the result observed. 
Bulbs also containing water, pieces of washed glass, &c., may bo 
broken under the supersaturated solutions, to show tliat the dis- 
ruption produced on breaking does not excite ci ystiillisation. 

A second method which may bo employed for the introductimi 
of nuclei is that introduced by Professor Liversidge.* Tliis consists 
of a siphon tube, in wliich crystallisation is induced in the first 
limb and alh>\ved gradually to pass over the bend and down to tlio 
point of the second limb. 

The following table gives the results of many experiments on 
the action of isomorphous and also of dissimilar substances on 
supersaturated solutions of each other. 


ISOMORPHOl S StU'UATlS ON MaONRsIIM Si LniATI'. 


Substance In snluui'n. 

T 

^ Sub‘*t mce adil« d 

Result 

MgSO^TH.O.. .. 

ZnS<'),.7n.O 

Active 

It • • 

XiSOj 711,0 

J* •• 

1 


CoSO, 7HO 


It 

|FiS0,7H,0 

M 1 

,, 


iy • • 1 


ViSO^OH.O 


• « * * 



„ .. .. 1 

j CoSO^.jt^I.O 

11 

1 

Dissi3iil\ii BoniEs on 

Magnesii .M { 

MgSO,.7njO.. .. 1 

MgK/SO,).fa£/) 

1 

Inactive. i 


Na.SO^.lOltO .. 

91 

1 

Na,S/)^.,)lI.ij 

n 

1 

NaCl 


„ . . . . j 

(4].ibs 

It 


Ht Ill'll 

Crv^tnlli'*ntioii iii'lncivl at 
the cn>tals f(*rni- 
injf Irmi; lu'nlks. 

Cr}^t.ilh'«atii)n muIikhhI af- 
ti r sone (iiai', tin f‘r\ 
lals forrniii^^ atUched to 
th«‘ micli u.s. 

Crystallisatioj^ iialui't d af- 
ter 6011lf‘ tin)!', till' I'lXH- 
ttils attaclu il lo the im 
rli us {^1 iif'i.illy iKiiig 
truniMti «l lu I dll s. 


IsoMORi’HOia Salts on Souii'm SuLriiATE. 


NajSO^.lOII O 
»» 


.. j Active .. 

Na/XJ. lOIkO .. I „ .. 


C’r\ btallisjatiun imnifiliafi'. 


• Prof. Roy Soc., xx. 407 . 
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Dis'similar Bodies on Sodium Sulphate. 


Substance in Bolutiofi. 

Nii,S(h.l01I,() .. 

,, 

„ 

„ 

,, 

SuljsUncp add^a. 

llomilt. 

Remarks. 

M^^S0,.7II/) .. 

NH^Sc(h 

Na.S/hr.HaO .. 
NadlPCVlOIIjO.. 

K(fl 

NaCl 

KCIO 

N.iLULO .. .. 

( 11 . 16 H ‘ 

innetive. 

»» 

1* 

>) 

•• 

»» 

CnooMi: Am m and Iron Alum ox Common Aluai. 

AIK(SO,), 12H.,0.. 

»i 

riK(SOX12TI.O 

FaX<0J,.I2U]o 

Active .. 

( Tilt' chrome alum solution 

1 was prc[)are«l hy hatii- 

1 ratinj' at 70'^, and then 

1 allow in<; it to crystallise 

1 in tlie bulb tube. 

Bodily ov the same forai or hfloxoixo to mi: s\mi: .systi m, bit not 
similarly (.ONolITl lUl) oX AlMI. 

AIK(S(W121I,().. 

,1 

,, 

Xti('l (culn s) 

Ft S , (culios) 

((Kialu lira) 

luarlive. 

n 

»» 

1 


IlYDiio-DTseifie Piioirnm: and IhoRO-M^oDie Au.sfvvti:. 

1 

NoJir<Vl-2ir/) . j NXliAsO, 1211.0 

^ Aotiw .. 

L Cry^t illi'atitdi imnieili.do 

1 and All} rajiid. 


When two salts wliiuli arc not isomorjilious arc in a supersaturated 
solution ti^j^etlu r a separation one or other of the salts may bo 
effected within cHU'tain limits. TJius in a mixture of sodium sul- 
pliato and nickel sulpliate, tlio former may be crystallised by 
touching with a crystal of the salt, and in allowing the mixture to 
remain at r<*st for a few minut<*s tho Ihpnr containing the nickel 
sulphate may be entirely poured off from tho crystals of sodium 
sulphate. 

A aimihir phenomenon may bo seen by preparing in a long gloss 
cylinder two supersaturated solutions one above the other, the lower 
one being sodium tliio.sulphate dissolved in its water of crystallisa- 
tion, the np]ier one sodium ucetato dissolved in a quarter its weight 
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of water. When the whole has cooled down under a stopper of 
cotton wool a crystal of sodium thiosulphate may be introduced ; this 
will pass through the acetate solution witliout solidifying it, but 
will cause the immediate solidihcation of the thiosulphate solution. 

The following phenomena may be seen in experiments carried 
out on mixtures of dissimilar salts. 

A. When the mixture consists of two salts which are not iso- 
morphous. 

(1) Sudden crystallisation may take place, gradually spreading 
through the solution on the addition of a nucleus, causing a deposi- 
tion of the body belonging to the nucleus only. 

(2) That when sudden crystallisation takes place, causing the 
deposition of both salts, there is a preponderance of the salt of the 
same nature as the nucleus. 

(3) That the nucleus may remain growing slowly in the solution, 
beooming increased by a deposition of the salt of the same nature as 
ths nucleus. 

B. When the mixture consists of two isomorphous salts. 

(1) Sudden crystallisation may occur, giving a deposition of both 
salts, apparently in the proportions in which they exist in solution. 

(2) That when slow crystallisation takes place, the nucleus 
increases by a deposition of the least soluble salt, showing that in 
mixed supersaturated solutions a gradation of phenomena may be 
experienced, passing from those shown in the crystallisation of a true 
supersaturated solution to those shown in the crystallisation of an 
ordinary saturated solution. 

Passing from the action of nuclei on supersaturated solutions of 
mixtures of dissimilar salts, it is interesting to examine tlib action of 
the different constituents on supersaturated solutions of double salts. 
The following table gives the results of certain experiments with 
such double salts : — 


Sabstance in nolutlon 

Nucleus added. 

Result 

HgCl3(NH,CI)j,3H,0 .. 

HgCl, (prismatic) 

Active. 

n .... 

HgCI, (deposited from hot 

Both Rolive and in- 


solution). 

active. 

,, 

NH,CI 

Inactive. 

HgBr,(NH,Br)„3ri,0 .. 

Hgllr, (ilepositod in the 

Active. 


cold). 


,, . . . . 

HgBr, (deposited from hot 

Both Active ainl in- 


solution 

Activo. 

„ .. 

(NH,)Br 

Inactive. 

HgI.(Kl), 

Hgl, (necdle-sbsfKjd crys- 

Active. 


tals). 



KI 

Inactive. 

A1K(S0,)2,12H,0 .. .. 

A1,.S(S0,),1 811,0 .. .. 


„ .... 




NaNH^HAiiO, 411,0 

Na^HAsO ,12H,0 

»» 

« • •• 

(NH,),!! AsO^.Aq, 

»» 
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From theso experiments it will be seen that in the case of the 
double salts formed by the halogen acids, certain of the component 
salts are capable of inducing crystallisation, but in the case of the 
salts formed from acids of higher basicity the component salts are 
incapable of causing that particular disruption of the solution. 

Having now treated this question experimentally, it may be 
of advantage to examine it shortly from a theoretical point of view to 
see if any explanation may bo offered at least with our present 
knowledge of these sudden changes from liquid to solid. 

At the present time it would be rash to attempt a complete answer 
to the questions — 

(rt) What fully takes place when a salt dissolves ? 

(h) Why some salts always separate out when their hot solutions 
are cooled : and conversely why certain ones remain dissolved under 
the same conditions ? 

In order that a salt may dissolve in water wo must suppose some 
attraction between the irndeculcs of the salt undergoing solution, and 
tlie molecules of the water. With most salts, the power of the water 
to dissolve thorn^ is increased with rise of temperature, and this rise 
in temperature means increase in the active movement of the water 
and the salt molecules, and therefore greater facility for them to 
come near enough to one another for their mutual attractions to be 
exerU'd. 

Then why do not all salts dissolve more in hot than in cold 
w'ater? all do not do so, as you have scon in my diagram during 
lecture. This leads us to following up the completion of this 
attraction ; namely, the eombinatioii of the water and the salt molecules 
which I have alluded to in my lecture under the terra hydration. 

Wo must suppose that some hydiatcs exist at a higher temperature 
than otluTs, and this is borne out by experiment. In the case of salts 
wlioso li\drate8 exist only at the lower temperatures, the effect of 
raising the temperature would be merely to increase the vibratory 
movements and so shako asunder the water and salt molecules, the 
dehydrated salt naturally separating out, and therefore we could not 
expect more to go into solution by merely beating the liqiiid. 

With regard to the second point. W^e must remember that there 
exists a strong attraction between the individual molecules which 
compose the salt. Taking then the case of a salt-like potassium 
chlorate, which in the solid state contains no water attached to it. 
Wo dissolve it in hot water, and on cooling, much of the salt sepa- 
rates out. We can suppose that the attraction of the water for the 
salt and the active movement produced by the riso in temperature 
overcome this attraction of salt molecule for salt molecule, but as the 
solution cools, this exercises its full force, and crystallisation ensues. 

Now, taking the instances where the sah remains in solution 
even after cooling, but in much larger quantities than can be obtained 
by treating the solid salt with water at that tomperaturo ; this being 
what I have called “ suspended crystallisation.” 
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Let as consider the case of sodium sulphate as perhaps the most 
familiar instance. You have soon a large volume of that salt 
suddenly solidify on the introduction of tho proper nucleus. Now 
why did not that salt behave like the potassium chlorate instead 
of remaining in solution in the liquid after cooling ? 

It has been suggested that this ^jper-saturated solution is merely 
a saturated solution of the anhydrous salt. That may or may not 
be so. If it be the case, we can suppose that the molecules of the 
salt and water are prevented from arranging themselves in their 
normal order and proportions, and so there is a kind of strain 
throughout tho liquid. This can only bo overcome by something 
which will disturb tho molecules sufficiently to bring about the neces- 
sary rearrangement. 

Taking the instance of the suspended solidification of water cooled 
below its freezing point ; wo know that only the disruptive effect of 
shaking is required ; but with sodium sulphate in water and many 
others, no amount of shaking, as we have seen, is sufficient. Some 
stronger force is required ; this stronger force is found so far as wo 
know at present only in tlie attraction for the salt of tho body itself, 
or of some substance having tho same crystalline form and a similar 
chemical composition, as has been already shown. 

I say advisedly at present, because in my opinion it has not yet 
oecn conclusively proved, that no form of what wo should call simply 
mechanical disturbance may not bring about sudden crystallisation in 
these so-called supersaturated solutions. lndc(^d, there is an interest- 
ing experiment which seems to foreshadow such a possibility. By 
dropping a single carefully washed crystal of alum into a super- 
saturated solution of that salt, wc notice a very interesting phenomenon. 
The whole surface of the solution is covered with small crystals 
separated by definite ' and considerable intervals, and it appears 
as if the mere mechanical disturbance produced by the first crystal 
attracting to itself similar moh'cules, had caused tho union of 
other molecules to form crystals in tho remoter parts of tho liquid. 
This is, I think, a very interesting case, which if studied with other 
similar instances may throw additional light on tho causes of such 
crystallisation. If we suppose that tho salt exists in solution as a 
hydrate, that is, in actual combination with water, w^e can imagine that 
each individual molecule of tho hydrate attracts each other one, and 
is attracted by it equally ; so if one molecule were to move towards 
another, it would bo restrained by its noiglibour, and that in its turn 
by those near it, and so a state of equilibrium would come about. 
However, whatever may be the condition of tlio salt in solution, tho 
same cause, namely, tho attraction of similar molecules, appears 
always to render the equilibrium unstable. 

[J. Ml T.] 



Friday, February 18, 1887. 

SiE Fhbdbriok Abkl, O.B. D.C.L. F.R.S. Manager and 
Vice-President, in the Chair. 

William Ceookes, Esq. F.R.S. V.P.C.S. MMJ. 

Oenesis of the Elements, 

In the very words selected to denote the subject I have the honour of 
bringing before you, I have raised a question which may be regarded 
as heretical. At the time when our modern conception of chemistry 
first dawned upon the scientific mind, the average chemist as a matter 
of course accepted the elements as ultimate facts. He regarded his 
elements as absolutely simple, incapable of transmutation or decom- 
position, each, a kind of barrier behind which we could not penetrate. 
If closely 'pressed he said that they were self-existent from all 
eternity, or that they had been individually created just as we now 
find them at the present day. Or he might argue that the origin of 
the elements did not in the least concern us, and was, indeed, a 
question lying outside the boundaries of science. 

But in these our times of restless inquiry we cannot help asking 
what are these elements, whence do they come, what is their signifi- 
cation ? Wo cannot but feel that unless some approach to an answer 
to those questions can be found, our chemistry, after all, is something 
profoundly unsatisfactory. These elements perplex us in our 
researches, baffle us in our speculations, and haunt us in our very 
dreams. They stretch like an unknown sea before us — mocking, 
mystifying, and murmuring strange revelations and possibilities. 

If I venture to say that our commonly received elements are not 
simple and primordial, that they have not arisen by chance or have 
not been created in a desultory and mechanical manner but Lave been 
evolved from simpler matters— or perhaps indeed from one sole kind 
of matter — I do but give formal utterance to an idea which has been, 
so to speak, for some time “in the air" of science. Chemists, 
physicists, philosophers of the highest merit declare explicitly their 
belief that the seventy (or thereabouts) elements of our text-books are 
not the pillars of Hercules whicli wo must never hope to pass. 

Did time allow I might quote utterances of Dalton, of Professor 
Faraday, of Dr. Glatlstono, of the late Sir Benjamin Brodie, of 
Professor Graham, of Dr. Mills, of Professor Stokes, of Mr. I^orman 
Lockyer, all pointing in the same directitm ao 1 all showing that in 
the course of their researches these servants of Science have been led 
to think that these same elements are not the final outcome — the be- 
all and the eml-all of clnunistry. 
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The law of Front, and still more the better established and far- 
reaching periodic law of Newlands (since developed by Professors 
Mendeleeff, Meyer, and Carnolley), seem to presuppose the existence 
of a genetic relation among the elements. 

Philosophers in the present as in the past, — men who certainly 
have not worked in the laboratory, — ^have reached the same view from 
another side. Thus Mr. Herbert Spencer records his conviction that 
** the chemical atoms are produced from the true or physical atoms 
by processes of evolution under conditions which chemistry has not 
yet been able to produce.’* 

And the poet has forestalled the philosopher. Milton (‘ Paradise 
Lost,’ Book V.) makes his Archangel Raphael say to Adam, instinct 
with the evolutionary idea, that the Almighty had created 

“ one first matter all, 

Indued 'with various fonns, various degrees 
Of substance.” 

If wo can show how the so-called chemical elements might have 
been generated w^e shall be able to fill up a formidable gaj) in onr 
knowledge of the universe. We have a preponderance of cumulative 
evidence to prove that both heavenly bodies and living organisms 
have been formed by evolution. We are seeking now to extend this 
law to the so-called elements, to the first principles of which stars 
and organisms alike consist. 

If we survey the distribution of the chemical elements wo find 
two very distinct cases. On the one hand we see bodies gi*oupcd 
in definite proportions with other bodies from which they dilfcr 
exceedingly and to which they are held by affinity, mOffe or less 
strong. To obtain either of two such bodies in a separate state, that 
affinity, as every student of chemistry knows, must be overcome. 
Instances of such association are too common and abundant to need 
mention. • In such cases each of the bodies grouped together has fairly 
marked properties. One of them, moreover, for the most part has an 
atomic weight very diflferent from that of the other. 

In the second case wo find bodies associated with other bodies 
more or less closely allied to themselves. They are not held together 
by any decided affinity; they are not combined in definite propor- 
tions, and their atomic weights are often almost identical. If wo 
wish to obtain one or more of those bodies in a separate state, the 
difficulty encountered lies not in the strength of the affinities to bo 
overcome but in the circumstance that whatever reagent we employ 
acts upon one of the substances in nearly the same manner as it does 
upon the other. Hence, to obtain one bo<ly of this kind eiitirely 
separate is an exc^ingly tedious and difficult task. Nay, Wo are 
sometimes at a loss to decide whether we have before us a Really 
simple body or a mixture of bodies whose properties are Almost 
identical. 

The most striking instance of such association is found in the 
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metals of the so-called rare earths. These bodies form but a very 
trifling portion of the earth's crust. They are chiefly met grouped 
together in a few minerals, such as tamarskite and gadolinite, which, 
so far, have been found in but few localities, and even in those are far 
from common. These earths form a group to themselves ; chemically, 
they are so much alike that it taxes the utmost skill of the chemist to 
effect even a partial separation, and their history is so obscure that we 
do not yet know the number of them. 

It will not bo necessary here to explain in detail the process of 
chemical fractionation adopted for the separation of the rarer earths, 
since it could interest only the chemical specialist ; moreover, it has 
been fully described in a paper I read before the British Association 
at Birmingham. 

Stated in the briefest way the operation consists in fixing upon 
some chemical reaction in which there is the most likelihood of a 
difference in the behaviour of the elements under treatment, even 
though the difference be slight, and effecting such treatmelfit incom- 
pletely, so that only a certain fraction of the total bases present is 
separated : the object being to get part of the material in an insoluble 
and the remainder in a soluble state. 

Let us suppose that wo have in solution two earths almost 
identical in their properties, but differing slightly, almost imper- 
ceptibly, in basicity. We add to the solution of the earths, which 
must bo very dilute, weak ammonia to such an amount only that it 
precipitates one-half of the bases present. The dilutic)n must be so 
great that a considerable time must elapse before the liquid shows a 
turbidity, and several hours will have to pass over before the action 
of the ammonia is complete. The liquid is then filtered, by which 
process wo have the earths divided into two parts, no longer identical 
in their composition. Wo can easily see that there is now a slight 
difference in the basic value of the two portions of earths ; the portion 
in solution being, though by a scarcely perceptible amount, more 
basic than that which the ammonia has precipitated. This minute 
difference is made to accumulate systematically until it becomes 
perceptible either by chemical or physical tests. 

The accompanying diagram (Fig. 1), illustrates the scheme of 
fractionation. Starting from zero at the apex the precipitates all pass 
to the left and the filtrates to the right. Each circle represents a 
flask containing the solution under treatment, and the two arrows from 
each circle show the path pursued respectively by the precipitate and 
filtrate. 

Such is the general outline of the process. But, as has been 
already intimated, the methods of separation suitable for different 
groups of earths vary. Where the constituents of yttrium and 
samarium are concerned, nothing seems available but straightforward 
fractionation continued month after month and year after yew. 

The further question whether an earth we have separated is really 
simple or is still a mixture has again to bo decided by yet another 
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process, to bo oflfectod only in a vory high vacuum. To understand 
this process it is necessary to make an apparent total digression. 

It seems, perhaps, strange to speak of exhausting the air in hollow 
bulbs and tubes until there is left in them only the onc-millionth 
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part of an atmosphere. It is only in modern times that atmospheric 
air has come to be regarded as matter. To this day a bottle or a jar 
is said to be “ empty ” if it contains no liquid or solid body, the air 
with which it is filled being conifdetely ignored. According to the 
same common idea, how empty then must a vessel ho when the air it 
contains is reduced to the one-millionth part of its original quantity ! 
That something still remains is, however, proved by the fact that I 
have succeeded in reducini; the pressure down to one fifty-millionth 
of an atmosphere. What this number represents will be better under- 
stood if I say that, given a barometric column one hundred miles in 
height, the remaining pressure would be equal only to about the tenth 
of an inch. Even this high degree of exhaustion by no Ineans 
represents an absolute vacuum. I have in this glass tube ][X)rha|)s the 
nearest approach t 9 perfect emptiness yet artificially obtained^ Its 
internal capacity is 5 cubic contimetros, and it is exhausted to 
the one fifty-millionth part of an atmosphere. It still contains 
100,000000,000000 molecules. The internal space, therefore, is far, 
very far, from being absolutely void of matter. 
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The vacuum most suitable for experiments on these earths is ono 
of about the millionth of an atmosphere. In a vacuum of this degree 
we find under the action of the induction-spark certain substances 
phosphorescing or behaving very differently from what they would if 
similarly treated at a lower vacuum or at the ordinary pressure of the 
atmosphere. When thus treated, the examination of the spectra of 
the phosphorescing earths furnishes what I have ventured to call the 
radiant matter test. 

After a time, on examining the series of yttrium earths in the 
lowest lino of flasks, their phosphorescent spectra are found to have 
become modified in the relative intensities of some of their lines. 
Ultimately different portions of the fractionated yttria give the five- 
spectra approximately shown at the foot of the diagram ; whilst 
sumaria also appears capable of being Pj>lit up into two or perhaps 
throe constituents. 

These bodies, it must bo clearly understood, arc not impurities 
whicli may bo removed, yttrium or samarium remaining in a pure 
state aft r their elimination. On the contrary, the molecule wo 
formerly knew us yttrium has imdergono a veritable s^ilitting up into 
its eonstitucixts. 

Tlieso constituents I have not as yet formally baptised. For 
more convenient reference and discussion I have provisionally 
ticketed tliem, as shown in the following Table, 
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I will rapidly skt tch the most salient features of the rare earths 
when submitted to the radiant matter test. Some remain unaffecteil 
and thus are referred at once to a ^stinct group. Others have the 
curious property of preventing the induction-spark passing, and so 
simulating a non-conducting vacuum, when there is really plenty of 
residual gns present. The rare earth thoria possesses in the highest 
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degree this obstructive property. Before me I have an exhausted 
tube having two sets of poles sealed in it, one set at each end. The 
size and distance apart of these poles are exactly the same in each 
case. At one end of the tube 1 have put some thorium sulphate, at 
the other end I have put yttrium sulphate. The exhaustion is now 
proceeding by aid of the Sprengol pump. I attach the wires of the 
induction coil to the poles at the thorium end, and, as you see, no 
current will pass ; rather than pass through the tube, the spark prefers 
to strike across the spark-gauge in air — a striking distance of 37 
millimetres, — showing an electromotive force of 34,040 volts. Now, 
without doing anything to affect the degree of exhaustion, I transfer 
the wires of the induction coil from the thorium to the yttrium end, 
ami the spark passes at once. To balance the spark in a^’r I must 
push the wires of the gauge together, till they are only 7 millimetres 
apart, equivalent to an electromotive force of 6440 volts : the fact of 
whether thoria or yttria is under the poles making a difference of 
27,600 volts in the conductivity of the tube. The explanation of 
this eccentric action of thoria is not yet quite clear. From the great 
difference in the phosphorescence of the two earths, it is evident that 
the passage of electricity through these tubes is not so much dependent 
on the degree of exhaustion as upon the phosphorogenic property of 
the body opposite the poles. 

Other earths become very phosphorescent, and their power of 
retaining residual phosphorescence differs greatly among themselves. 
This property we shall presently see is one of some importance. To 
examine this persistence of luminosity I have devised an instrument 
similar to Becquerel’s phosphoroscopc, but acting electrically instead 
of by means of direct light. It consists of an opaque disOj'^O inches 
in diameter, pierced with six openings near the edge. By means of a 
multiplying wheel and j)ulley the disc can bo set in rapid rotation. 
At each revolution a stationary object behind one of the apertures is 
alternately exposed and hidden six times. A commutator forms part 
of the axis of the disc, and by connecting it with the wires from a 
battery, rotation of the disc produces altemato makes and breaks in 
the current. This primary current is then connected with the induc- 
tion coil, from which the secondary current passes through the 
vacuum tube containing the earth under examination. When a 
phosphorescent body such as yttria is examined, if the wheel is 
tum^ slowly no light is seen wdien looked at from the front, as 
the current does not begin till the obscuration of the tube by an 
intercepting segment, and ends before the earth comes into view. 
When, however, the wheel is quickly turned, the residual phos- 
phorescence lasts long enough to bridge over the brief interval 
between the cessation of the spark and the entry of the pho^hor- 
escent body into the field of view, and it is seen to glow with a ‘faint 
light which becomes brighter as the s])eed of the wheel increaseg. 

I will first put the phosphorescent earth glucina in the phos- 
phoroscopo. This phosphoresces of a bright blue colour, but the 
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residual glow is so short that, with the highest speed of which the 
instrument is capable, you see no light whatever. In contrast I now 
put in a compound of the earth strontia. This also glows with a rich 
blue colour, sliowing in the spectroscope a continuous spectrum with 
a great concentration of light in the blue and violet. In the phos- 
phoroscope the colour of the glow is bright green, showing in the 
spectroscope a continuous spectrum, with the red and blue ends cut off. 

Alumina in the radiant matter tube glows with a rich crimson 
light. I will put some rubies — a crystalline form of alumina — in the 
phosphoroscope. Here the persistence of luminosity is so great that 
the red light is visible with the slowest speed, and with a high 
velocity the residual glow is nearly as strong as when the rubies are 
out of the instrument. Shakespeare, who is supposed to have 
mastered all knowledge, had he seen those rubies could hardly 
have described them more precisely than in the lines from ' Julius 
Cmsar ’ ; — 

“ . . . with unnumbered sparks 

They arc all fire, and every one dotJi shine.*' 

Another d^'^t^^^tive phenomenon is that the earths of one group, 
yttrium and samarium, when submitted to the induction discharge in 
vacuo, yield discontinuous spectra. 

These spectra are extremely complicated and change in their 
details in a puzzling manner. For many years I have persistently 
groped on in almost hopeless endeavour to get a clue to the meaning 
which I felt convinced was locked up in these systems of bands and 
lines. It was impossible to divest myself of the conviction that I was 
looking at a series of autograph inscriptions from the molecular world, 
evidently of intense interest, but written in a strange and baffling 
tongue. For a long time all attempts to decipher these mysterious 
signs were fruitless. 

The meaning of the strongly-marked symbolic lines had first to 
be ascertained. After continued efforts I had to be content with 
roughly translating one group of coloured symbols as “ yttrium ” and 
another group as “ samarium,'' disregarding the fainter lines, shadows, 
and wings frequently common to both. Constant practice in tho 
decipherment has now given me fuller insight into what I may call 
tho grammar of these hieroglyphic inscriptions. Every line and 
shadow of a line, each faint wing attached to a strong band, and every 
variation in intensity of tho shadows and wings among themselves, 
has now a definite meaning which can be translated into the common 
symbolism of chemistry. 

This leads us to what I may call the history of yttrium. Twelve 
months ago the name yttrium conveyed to all chemists a perfectly 
definite meaning. It was supposed to be an elementary or simple 
body, having a fixed atomic weight, 88 * 9, and its principal properties 
had been duly determined. Its phosphorescent spectrum gave a 
definite system of coloured bauds, such as you see in tho dewing 
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before you (Fig. 2). Broadly speaking, there is a deep red band, a 
very luminous citron-coloured band, a pair of greenish- blue bands, 
and a blue band. These bands, it is true, varied slightly in relative 
intensities and in sharpness with almost every sample of yttria 



I examined ; yet the general character of the spectrum remained 
unchanged, and I habitually looked upon this spectrum as charac- 
teristic of yttrium ; all the bands being visible when the earth was 
present in quantity, whilst only the strongest of all — tho citron 
band — was visible when traces, such as millionths, were present. 
But that the whole system of bands spelled yttrium, and nothing but 
yttrium, I was firmly convinced. 

The differences in the spectra of yttrium prepared from different 
sources are most distinctly seen on comparing the spectrum of 
yttrium from samarskite with that from gadolinite, hielmite, monazito, 
xenotime, fluocerite, euxenite, ceritc, arrhenite, &c. Still, in spite of 
those slight differences, tho several yttriums are practically all the 
same thing, and^ as I have said, every living chemist a y^ar ago 
would have regarded them as identical. But they have since yielded 
to persistent chemical fractionation, and I now call them old yttrium. 

One property, above all others, is relied on by chemists as an 
indisputable proof of the identity of any particular chemical element. 
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When the vapour of an element is rendered incandescent by the 
electric spark, the characteristic system of lines in its si>cctrum is 
regarded as unalterable, and is looked upon as a certain proof that 
this special element is under examination. However much chemical 
or other tests fail to show the presence of a given element, tho 
indications of its lines in the spectroscope are regarded as infallible. 
Spectrum analysis is the court of final appeal, whose decision no 
chemist has yet had tho hardihood to dispute. 

By way of illustration I will project on the screen the very 
characteristic system of lines given by yttrium when ignited by the 
electric spark, — a system, be it roineinbcred, having no connection 
whatever with the peculiar phosphorescent spectrum yielded by 
yttrium. The coloured diagram gives as accurate a re2)resontation 
of tho spark spectrum of yttrium os can bo drawn by hand. Omitting 
minor lines you will notice two very strong groups of lines in the red 
and orange. These lines have been always regarded as th^, charac- 
teristic test for yttrium ; tho presence of those groups proves tho 
presence of yttrium, and tlieir absence proves its absence. 

I now project the electric spark spectrum of GS a>s pure as I have 
been able to prcTp^aH* it. G8 is one of the bodies which by long and 
tedious fractionation I have separated from yttrium ; it occurs at one 
extreme end of the fractioning, and differs not only from the parent 
yttrium in its phosphorescent spectrum, but by virtue of tho process 
adopted for its isolation, it must likewise differ in chemical properties. 
But what tale docs the spectrum tell ? It tells us there is absolutely 
no difference between this spectrum and that given by old yttrium. 

I now pass to the other end of the fractionation of yttrium, where 
a body, G77, concentrates giving a totally different jdiosphorescent 
spectrum to that given by G8. And it also differs chemically from 
old yttrium, and in a more marked manner from its brother, G8, at 
the other extremity of the fractionation. Look at its spark spectrum I 
It is perfectly identical buth with old yttrium and with G8, and 
when I examine tlicso three spectra in my laboratory with all the 
appliances for exact meaburement, tho whole system of lines is still 
identical. 

What inference can be drawn from these results ? Is discredit to 
be thrown 011 spcctruin analysis ? Is the superstructure which has 
been so laboriously raised upon its indications to fidl to the ground ? 
By no means. Sp( ctrum analysis and its grand generalisations are 
on os firm a foundation as ever, I see two possible explanations of 
tho facts I have brought before you. According to one hypothesis 
research has somewhat enlarged the field lying between the indications 
given by ordinary coarse chemistry and the searching scrutiny of the 
prism. Our notions of a chemical clement have expanded. Hitherto 
the molecule has been regarded as an aggregate of two or more atoms, 
and no account has been taken of the architectural design on which 
these atoms have been joined. Wo may consider that tho structure 
of a chemical ilemcnl is more complicated than has hitherto boon 
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supposed. Between the molecules wo are acoustomcd to deal with in 
chemical reactions and ultimate atoms as first created, come smaller 
molecules or aggregates of physical atoms ; these sub-molocules differ 
one from the other, according to the position they occupied in the 
yttrium edifice. 

Perhaps this hypothesis can be simplified if we imagine yttrium 
to bo represented by a five-shilling piece. By chemical fractionation 
I have divided it into five separate shillings, and find that these 
shillings are not counterparts, but like the carlxm atoms in the benzol 
ring, have the impress of their position, 1, 2, 3, 4, 5, stamped on them. 
These are the analogues of my Ga, G/8, &c. If I now bring in a 
much more powerful and searching agent — if I throw iny shillings 
into the melting-pot or dissolve them chemically — the mint stamp 
disappears and they all turn out to bo silver. I submit my yttrium, 
or my Ga, G/?, &c., to the intense heat of tlio electric spark, the littlo 
differences of molecular arrangement vanish, and the atoms of which 
the molecules of yttrium, Ga and G/?, are alike composed, reveal 
their presence in identical spectra. 

An alternative theory commends itself to chemists, to the effect 
that the nine bodies shown in the above table (Table I.), are new 
chemical elements differing from yttrium and samarium in basic 
powers and several other chemical and physical properties, but not 
sufficiently to enable us to effect any but a slight separation. One of 
these bodies, G8, gives the phosphorescent citron line, and also tlio 
brilliant electric spectrum I have just exhibited. The other eight do 
not give electric spectra which can be recognised in the presence of a 
small quantity of G8, whilst the electric spectrum of G8 is so sensi- 
tive that it shines out in undiminished brilliancy oven when tho 
quantity present is extremely minute. In the process of fractionation, 
Ga, G/3, G8, A"C., are spread out and more or less 8cj>aratc»l fnun ono 
another, yet the separation is imperfect at tho best, and at any part 
there is enough G8 to reveal its presence by the sensitive electric 
spark test. The arguments in favour of each theory arc strong an<l 
pretty evenly balanced, Tho compound molecule explanation is a 
good working hypothesis, which I think may account for the facts, 
while it dors not jiostulate the rather heroic alternative of calling 
into existence eight or nine now elements to exjdain tin* phrnomoiia. 
However, I submit it only as an hypothesis. If further research 
shows tho now element theory is moro reasonable, I shall bo the first 
person to accept it.* 

♦ Neither of those lhcori<s ngr<‘OH witli that of my dUliiiguiHhc d frjend M. 
Lccocq de lk)iKl)audr.in, \\ho nUo has \\orl\fd 011 tin mo carllm lor some Ho 

consider'* that whut Liiavo < alh d old yttrium is a true eleinont, oharncto^ised hy 
Ibo spark spoctnim already < xliihited, but not giving a phosphorescent Hf.e( ‘trmn 
in vamo. The bodies giving tho pliosphoresctiit specira lie oonsidoRi to bo 
impurities in yttrium. These ho says are two lu numhei, and lio has pin- 
vibiontdly ii.mud tlicin Za and Z/3. By a nu thod of his own, diftVriiip from 
mine, M. de Boibhaudmn obtiius lluon scent Mjicctra of tluse bodies; htil llioir 
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I now will introduce to yon a substance which has been to me 
what the celebrated Bosetta stone was to the interpreters of Egyptian 
inscriptions. I received it from M. do Marignac, and it was nothing 
more than a small specimen of a new earth which he hod obtained 
and had named provisionally Ya. 

In the radiant-matter tube this earth gives a bright spectrum as 
in the diagram before you (Fig. 3). 

If we compare this spectrum with that ascribed to “ old yttrium ” 
(Fig. 2) we see that, omitting minor details, Ya is yttrium with the 
characteristic citron band left out and the green and orange bands 
of samarium added. Now look at the following diagram (Fig. 4), 
which represents the spectrum of a mixture of 61 parts of yttrium and 
39 xmrts of samarium. It is almost to its minutest details identical 
with the spectrum of Ya, but tho citron band is as prominent as any 
other band. Hence Ya is shown to consist of samarium, with the 
greenish blue of yttrium and some of tho other yttrium bands added 
to it. It proves, further, that tho citron band which I had liitherto 
regarded as one of the essential bands of the yttrium spectrum can be 
entirely removed, whilst another characteristic yttrium group, the 
double green I'sv/h can remain with heightened brilliancy. 

If now it were possible to remove the citron band-forming body 
from this mixture, I should leave Ya behind; I should, in fact, have 
recomposed Ya from its elements. I have no doubt wliatevcr that 
this will ultimately bo accomplished, but tho preliminary work of 
fractionation is tedious to the last degree, and for its completion 
would occupy a space of time in comparison with which tho life of 
man is all too brief. 

Whilst I have not yet chemically removed the citron-forming con- 
stituent, I can physically suppress the citron band and show an 
artificial spoctruiu, imitating in the closest degree the natural spectrum 
of Ya. 

By means of the electrical phosphoroscopo I am enabled to catch 
the spectrum of an earth immediately after it has suffered molecular 
bombardment in the vacuum. In this way I get tho spectrum of the 
residual phosphorescence, and I have found that not all the con- 
stituents of these earths emit residual phosphorescence for the same 
duration of time. 

When a little strontium is added to tho yttrium-samarium mixture, 
the effect in tho phosplioroscope is to suppress the residual phosphor- 


fluorescout hand.s nre extremely hazy ntid faint, rcndeiing i den tifi ration dirtirult. 
Home of ttuMu fall m*ar lines in the epertia of iny G/3 and G5. At first siglit it 
miglit appear that his and my spertra were duo to tho same bodies, but, 
aceordiuK to Id. dr Boiabamlran, the chemical propt‘rties of the earths prwliiring 
them are widely distinct. Those giving phosphorescent lines by my inetho«l 
ocetir nt tho yttrium extremity of the fractionation, wher^ his ftimrei'cent bands 
are scarcely shown nt all ; whilst his lluorehcont phenomena are at their maximum 
quite at the terbium end of the fractionation, where no > ttrium can l>o ditcete*! 
cveu by tho direct spark, and whore my phosphorescent lines me ulinoat absent. 
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esconceof GS — the citron band — and to enhance the phosphoreoconco 
of the double green band, and the imitation of the Ya spectrum 
is complete. 

I must here call attention to the experiments of Prof. A. E. 
Nordenskiold, in the Comptee JRendus of the French Academy of 
Sciences for November 2nd, 1886. This eminent savant is working in 
the same direction os myself, with results which decidedly corroborate 
my experiments. He has taken the crude mixture of yttria, erbia, 
ytterbia, &c., just as it is precipitated from the minerals containing 
these rare earths. This mixture, for brevity's sake, he calls gado- 
linia, and he finds that this gadolinia, though palpably a compound 
body, has always a constant atomic weight, whatever the mineral 
from which it has been extracted. Or, to uso Prof. Nordcnskiold^s 
own words, Oxide of gadolinium, though it is not the oxide of a simple 
body, hut a mixture of three isomorphous oxides (even wlxenit is derived 
from totally different minerals found in localities far apart from each 
other) possesses a constant atomic weight** Tlicref(»ro, as he signi- 
ficantly observes, “ We are in presence of a fact altogether new in 
chemistry. For the first time we are confronted with the fact that 
three isomorphous substances, of a kind that chemists arc still com- 
pelled to regard as elements, occur in nature not only always together, 
but in the same proportions. It seems that chemists hero find them- 
selves face to face with a problem analogous to that presented to 
astronomers in the origin of the minor planets.’* 

These facts throw a new light upon certain important chemical 
questions. For the old yttrium passed muster as an elcinont. It 
had a definite atomic weight, it entered into combination with other 
elements, and could be again separated from them as a iHxolo. Rut 
now we find that excessive and systematic fractionation has acted tho 
part of a chemical sorting Demon,” distributing tho atoms of 
yttriufei into groups, with certainly different phosphorescent spectra, 
and presumably different atomic weights, though, from the usual 
chemical point of view, all these groups behave alike. Here, then, is 
a so-called element uhosc spectrum does not emanate equally from all 
its atoms ; but some atoms furnish some, other atoms others, of tho 
lines and bands of the compound spectrum of tho clement. Hcnco 
the atoms of this element differ probably in weight, and certainly in 
the internal motions they undergo. 

This is unlikely to be an isolated case. We may assume that tho 
principle is of general application to all the elements. In some, 
possibly in all elements, tho whole spectrum docs not cmanato from 
all their atoms, but different spectral rays may come from difforont 
atoms, and in the spectrum as wc see it all these partial spcelra are 
present together..,^ This may bo interpreted to mean that tl^oro are 
definite differences in the internal motions of the several grpups of 
which the atoms of a chemical clement consist. For examjdo, wo 
must now be prepared for soino such events as that tho sovcii scries 
of bands in tho absorptiun-spectriim of iodine may prove not all to 
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emanate from every molecule, but that some of these molecules emit 
some of these series, others others, and in the jumble of all these 
molecules, to which is given the name “ iodine vapour,” the whole 
seven scries are contributors. 

Another important inference to be drawn from the facts is that 
yttrium atoms, though differing, do not differ continuously, but per 
saltum. Wo have evidence of this in the fact that the spectroscopic 
bands characteristic of each group are distinct from those of other 
groups, and do not pass gradually into them. We must accordingly 
expect, in the present state of science, that this is probably the case 
with the other elements. And the atoms of a chemical element being 
known to differ in one respect may differ in other respects, and 
presumably do somewhat differ in mass. 

Eeturning, after this digression, to the idea of heavy and light 
atoms, wo see how well this hypothesis accords with the new facts 
here brought to light. From every chemical point of view the stable 
molecular group, yttrium, behaves as an element. To split up yttrium 
requires not only enormous time and material, but the existence of a 
test by means of which the constituents of yttrium are capable of 
recognition. ' ilud wo tests ns delicate for the constituent molecular 
groups of calcium, this clement also might be resolved into simpler 
groupings. It is one thing, however, to find out means of separating 
bodies which we know to be distinct and to have colour or spectrum 
reactions to guide us at every stej) ; it is quite another thing to 
separate colourless bodies which are almost identical both in chemical 
reaction and atomic weight, especially if w'o have no susjncion that 
the body W’C examine is a niixtuie. 

Again, it seems as if bodies wc have been accustomed to regard 
as absolutely simple and elementary may be split up in different 
directions according to the means we bring to bear upon them. Until 
very lately our text-books made mention of an element under the 
name of didymium. With some trouble it had been separated from 
its accompanying bodies lanthanum and cerium. Its properties had 
been examined, and no one doubted its distinct and elementary 
character. It was vieacd according to one of the common definitions 
of an element, as “ a something to which wo can add, but from which 
we can tako nothing.” When, behold! Dr. Auer von Welsbach, 
examining this supposed siini^le body in a novel manner, succeeded 
in decomposing it into two simpler bodies, which he called neo<lymium 
and praseodymium ; and later researches, in which 1 have had a 
share, show tliat even neodymium and pi*aso( dymium are not the 
simplest bodies into wliich didymium can bo dissected. 

But it may bo usliod, What is the bearing of all this upon the 
great question of the genesis of the elements ? Have w^e cliemists 
merely discovered some now “ elements,” or found out that a body 
hitherto held to be simple is in reality complex ? Wo have, I submit, 
done something decidedly different. If a metal which is found to 
have a fixed atomic weight is discovered to be a compound or a 
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mixtiiro, our boat test for recognising an element, so-called, has 
melted away ! Hitherto it has been considered that if the atomic 
weight of a metal, determinoil by ditferont observers, sotting out from 
different compounds, was always found to bo constant (within, of 
oourse, the limits of experimental error), then such metal must rightly 
take rank among tho simple or elementary bodies. We learn from 
Nordenskiold’s gadolinium that this is no longer the case. Again, wo 
have here wheels within wheels, (ladolinium is not an element, but 
a compound, or rather, perhaps, a mixture of yttrium, erbium, aud 
ytterbium. We have shown that yttrium is a complex of five or more 
new constituents. And who shall venture to gainsay that each of 
these constituents, if attacked in some different iDanner, and if tho 
results were submitted to a tost more delicate and searching than tlio 
radiant-matter test, might not be still further divisible? Where, 
then, is the actual ultimate clement ? As we advance it recodes like 
the tantalising mirage lakes and groves seen by the tired arid thirsty 
traveller in the desert. Are wo in our quest for truth to be thus 
deluded and baulked f The very idea of an element, as somctliing 
absolutely primary and ultimate, seems to bo growing less and loss 
distinct. 

But wo have by no means done with tho rare earths and their 
lessons. How is it that these bodies are found, as wc ac^tually hud 
them, associated in certain rare minerals such as fsamarskitc aud 
gadolinite, but occurring only in a few localities? This fact is hard 
to account for on the ordinary theories of tho origination of th ( 
elements. 

I venture provisionally to conclude that our so-called elements or 
simplo bodies are, in reality, compound molecules. To form a 
conception of their genesis I must beg you to carry your thoughts 
back to the time when'the visible universe v\as “without form aud 
void,** and to watch tho development of matter in tho states known to 
us from an antecedent something. What existed anterior to our 
elements, before matter as we now have it, I propose to name proiyle,* 


* We require a woru, analogous to protoplasm, to express the idea of the 
original primal matter existing before the evolution of the chf miral demeiils. 
The word I have ventured to use for this p irpose is i oniponn<lod of npi {enrlu'r 
than) and CA 17 {the btuff of vhirh thirup arc midc). The word is sonroely a new 
coinage, for in the * Wisdom of Solomon ’ (xi., v. 17) wo read : — “ Thy almighty 
hand, that created the world — hfiSp^ov i\rjs — out of for!rdet>H stutt,” the word 
here rendered “ stuff" being in tfic original from which I have vciituud to 
coin the word “protyle.” Six hundred years ago Koger IJnpDii wrot^ in his 
JJe Arte ChymieSj “ The elements arc made out of CAtj, and every eh nier^ is con- 
verted into the nature of another element.*' Professor Huxley re minds that 
in the general ^n-e of muterial sub^tunce, was first ust d by Aristotle, in 
whose works it is of very frequent occurrence. In fact the fundamenta{ distim-- 
tion in his Physical Philosophy is between 0A17. or m itfcr^ and <r5o9, Dr form^ 
which last pretty nearly answers to what we should call the sum total of the 

a nalities, powers, and tendencies of a thing —or of forces as the cause of these. In 
le metaphysics and elsewhere Aristotle distinguishes (1) “Materia 
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But how can wo suppoBO the protyle, or fire-mist, converted into 
tho atomic condition ? In amorphous matter wo recognise a tendency 
to aggregation not to be identified with gravitation, since it is mani- 
fested among finely-divided matter, whether suspended in a medium 
of a specific gravity superior, equal, or inferior to its own. This 
agglutinative action is familiar to observers of natural phenomena. 
Clouds contracting to that appearance known as a mackerel sky ; 
particles of carbon floating in tho air, collecting, and ultimately 
falling as “blacks” ; chemical precipitates, at first finely amorphous, 
but gradually becoming flocky, granular, and crystalline; vortex 
rings, suddenly quickening out of amorphous smoke;— all these, and 
many more, exemplify that universal formative principle in nature 
which I suggest first made itself manifest in the condensation of 
protyle into atomic matter. 

A few weeks ago, in this theatre. Sir William Thomson asked you 
to travel back with him an imaginary excursion of about twenty 
million years. lie pictured to you the moment immediately before 
tho birth of our sur ..non tho Liicrotian atoms rushed from all parts 
of space with . vohjcities due to mutual gravitation, and, clashing 
together, formed in a few hours an incandescent fluid mass, tho 
nucleus of a solar system with thirty million years of life in it. I 
will ask you to accompany mo to a period oven more remote, — to tho 
very beginnings of time, before even tho chemical atoms had con- 
solidated from the original protyle. Let us imagine that at this 
primal stage all was in an ultra-gaseous state — a state diflering from 
anything wo can now conceive in the visible universe. 

Now unless tho expression “ fire-mist ” and tho supposition that 
pristine matter was once in an intensely heated condition * are quite 
misleading and baseless, wo have to deal with a process analogous to 
cooling. This opciation, probably internal, reduces the temperature 
of the cosmic protyle to a point at which tho first step in gr.inulation 
takes place ; matter as wo know it comes into existence, and atoms 
are formed. As soon as an atom is formed out of protyle it is a store 
of energy, kinetic (from its internal motions), and potential (from its 
tendency to coalesce with other atoms by gravitation or chomically). 
To obtain this energy tho neighbouring protyle must be laid under 
contribution, i. c. must be refrigerated by it, thereby accelerating the 
subsequent formation of other atoms. With the birth of gravitating 

Prima,” or matter undifferentiated into elcmouts, without form, in fact, and 
conae«iuently unknown and unknowable, and (2) secondary 

or formed matter, such as earth, or metal, or water, or any other law material 
with wliich wo are familiar. 

* I am constrained to use woids expressive of high temperature; but I 
confess I am unable clearly to associate with protuie the idea of hot or cold. 
Temperature^ radiation^ and ftce cooling seem to require *ho periodic motions that 
take place in tho chomicnl atoms; and the introducUon of Cfmtres of periodic 
motion into protylo would involve its being so far changed into chemical atoms. 
Probably the first operation was more analogous to the formation of vortex rings 
than to a reduction of temperature. 
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matter, rushing suddenly together from every point of space, we thus 
get Sir William Thomson’s incandescent mass which is presently to 
cool down into a solar system. We cannot tell if electricity existed 
prior to the origin of the atomic condition of matter, but with the 
formation of atomic matter the other forms of energy which require 
matter in order to manifest themselves, begin to act, amongst others 
that form of energy which has for one of its factors that which we 
now speak of as atomic weight. 

We have now to seek how protyle was converted not into one only 
kind of matter but into many. If we recognise that it contained 
within itself the potentiality of all atomic weights, how did these 
potentialities become actual ? We may here call to mind the sug- 
gestion of Dr. E. J. Mills, that our elements are the result of suc- 
cessive polymerisations during the cooling process. Wo shall also 
derive much assistance from a method of illustrating the periodic law 
proposed by my friend Professor Emerson Reynolds, of the University 
of Dublin. 

I must call your attention to a diagram (Fig. 5) in which I have 
slightly m(»dified the original design of Protessor Reynolds. I have 
represented the pendulum swing as gradually declining in amplitude 
according to a mathematical law. I have further interposed between 
cerium and lead another half-swing of the pendulum. This renders 
the oscillations more symmetrical and brings gold, mercury, thallium, 
lead, and bismuth to the side where they are fully in harmony with 
members of previous groups. 

The chemical elements are arranged in order, according to their 
atomic weights, on the centre vertical line which is divide^Juto equal 
parts. 

Following the curve from hydrogen downwards, wo see that the 
elements forming the eighth group of Mcndeleoff's arrangement are 
situate near three of the ten nodal points. This eighth group is 
divided into tho three triplets — iron, nickel, and cobalt; rhodium, 
ruthenium, and palladium ; iridium, osmium, and platinum. 

These bodies are interperiodic because their atomic weights 
exclude them from the small periods into which the other elements 
fall, and because their chemical relations with some members of the 
neighbouring groups show that they are probably interperiodic in tho 
sense of being in transition stages. 

Notice bow accurately the series of like bodies fits into this 
scheme. Beginning at the top, run the eye down analogous positions 
in each oscillation, taking either the electro-positive or electro-negative 
swings. (See Table, p. 54.) 

Notice, also, how orderly tho metals discovered by spectrum 
analysis fit in tbeif places — gallium, indium, and thallium ; ru|)idium 
and caesium. 

The symmetry of nearly all this series proclaims at onco |bat we 
are working in the right direction. Much also may bo learnod from 
the anomalies here visible. A few bodies, such as didymium, erbium, 
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thulium, and ytterbium, are out of place, and require to have their 
atomic weights redetermined. 


Table II. 

Vertical Series of the Elements. 
Even. Odd. 
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The more I ponder over the arrangement of this zigzag curve, the 
more 1 become convinced that he who fully grasps its meaning holds 
the key to unlock some of the deepest mysteries of creation. As 
Mr. Browning puts it in his * Parleyings * — “*Tia Man’s to explore 
Up and down, inch by inch, with the taper his reason.” Let us batter 
at the door of the Unknown and do our utmost to get a glimpse of 
some few of the secrets so darkly hidden. 

Let us return in imagination to pre-geological ages, before the 
sun himself had been aggregated from the original protylo. Wo 
require two very reasonable postulates; let there be granted an 
antecedent form of energy having periodic cycles of ebb and swell, 
rest and activity. Let there also be granted an internal action akin 
to cooling operating slowly in the protylo. The first-born element 
would, in its simplicity, be most nearly allied to proty]^ This is 
hydrogen, of all known bodies the simplest in structure and of the 
lowest atomic weight. For some time hydrogen would bo the only 
existing form of mafter (in our sense of the term). Between 
hydrogen and the next formed element there would bo a gap in 
time, and in the interval the element standing next in order of 
simplicity would gradually be approaching its birth-point. In this 
interval we may suppose that the evolutionary process soon to deter- 
mine the birth of a new element would fix likewise its atomic weight, 
its affinities, and its chemical position. 

In this gonesis of the elements the longer the time taken up in 
the cooling-3own process, during which the hardening of protylo into 
atoms takes place, the more sharply defined would be the resulting 
elements ; whilst the more rapid and the more irregular the cooling, 
the more closely the resulting bodies would fade into each other by 
almost imperceptible degrees. Thus we may conceive that the 
succession of events which gave rise to such groups as pHtinum, 
osmium, and iridium, — ^palladium, ruthenium, and rhodiumj — iron, 
nickel, and cobalt, — might have produced only one element m each 
of these three groups if the process had been greatly prolonged. 
And conversely, had the rate of cooling been much more rapid, 
elements might have originated still more nearly identical than are 
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nickel and cobalt. Thus may have arisen the closely allied elements 
of the cerium, yttrium, and similar groups. In fact, we may regard 
the collocation of the minerals of the class of samarskitc and 
gadolinite as a kind of cosmical lumber-room where elements in a 
state of arrested development — the unconnected missing links of 
inorganic Darwinism — are gathered together. 

Any well-defined element may be likened to a platform of stability, 
connected by ladders of unstable bodies. In the first coalescence of 
the primitive stuff there would bo formed the smallest atoms ; these 
would then unite, forming larger groups ; the gaps between the 
several stages would gradually be bridged over and the stable 
element appropriate to that stage would absorb, so to speak, tho 
unstable rungs of the ladder which led up to it. It may be ques- 
tioned whether there is an absolute uniformity in the mass of every 
ultimate atom even of one and the same chemical clement. Probably 
our atomic weights merely represent a mean value around which tho 
actual atomic weights of the atoms vary within certain narro# limits. 
When, tlierefore, we say that, o. g. tho atomic weight of calcium 
is 40, the actual fact may well be, that whilst the majority of the 
calcium atomf^ w^Hy have the atomic weight of 40, some are repre- 
sented by 39^9 or 40‘1, a smaller number by 39 *8 or 40*2, and 
so on. The properties which we perceive in any element are thus 
tho mean of a number of atoms differing among themselves very 
slightly, but still not identical.^ Is this tho true meaning of 
Newton’s “ old worn particles ? ” 

That this speculation, hazardous as it may seem, is in some 
respects supported by the experimental results above described will, 
I think, be admitted. It seems to me that the hypothesis I have just 
suggested, if taken in conjunction with the diagram. Fig. 5, enables us 
to proceed a step or two further along the track of the evolution of 
the elements. Wo may trace in the undulating curve the action of 
two forms of energy, the one acting vertically and the other vibrating 
to and fro like a pendulum. Let tho vertical line represent tem- 
perature gradually sinking through an unknown number of degrees 
from tho dissociation-point of tho first-formed element downwards 
to the dissociation-point of tho last member of the scale. 

But what form of energy is figm’ed by tho oscillating line ? We 
see it swinging to and fro to points equidistant from a neutral centre. 
We see this divergence from neutrality confer atomicity of ono, two, 
throe, or four degrees as the distance from the centre increases to 
ono, two, three, or four divisions. We see the approach to or the 
retrocession from this same neutral line deciding the electro-negative 


* I Yonturo to suggest that tho heavier and lighter atoms formed from the 
protyle may liavo been partially sorted out by a pro<*<^sa in nature somewhat 
analogous to tho fractionation which has been already d« ^vribed. Such a sorting 
out would be effected chiefly whilst atomic mutter was condensing from the 
primal state ; but it may also have been carried on during geological ages in the 
wet way by successive solutions and re-prccipitiitions of tho various earths. 


HS--V013P* 
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or electro-positiyo character of each element; those on the retreating 
half of the swing being positive, and those on the approaching half 
negative. In short, we are led to suspect that this oscillating power 
must bo closely connected with the imponderable matter, essence, or 
source of energy we call electricity. 

Let us now return to the period just preceding the birth of the 
first element. Before that time matter as it now is manifested did 
not exist. We can no more conceive of matter without energy than 
of energy without matter ; indeed from one point of view the two are 
convertiblo terms. Let us assume that simultaneously with the 
creation of atoms all those attributes which enable us to discriminate 
one form of matter from another, start into being endowed with 
energy. 

Our i^cndulum begins its swing from the electro-positive side ; 
lithium, next to hydrogen in the simplicity of its atomic weight, 
is now formed, followed by glucinum. boron, and carbon. Each 
element, at the moment of birth, takes up definite quantities of 
electricity, and on these quantities its atomicity depends.* Thus 
are fixed the types of the monatomic, diatomic, triatomic, and 
tetratomic elements. 

It has been pointed out by Dr. Carnelley that “ those elements 
belonging to the even series of the periodic classification arc always 
paramagnetic, whereas the elements belonging to the odd series are 
always diamagnetic.” Now in our curve the even series to the left, 
so far as has been ascertained, are paramagnetic, whilst, with a few 
exceptions, all to the right are diamagnetic. The strongly magnetic 
group, iron, manganese, nickel, and cobalt, lie close together on the 
proper side. But the interperiodic groups, of which paUadium and 
platinum are respectively examples, are supposed to be feebly mag- 
netic. If this can be .verified they form exceptions which have yet to 
be explained. Oxygen, which weight for weight is even more 
strongly magnetic than iron, lies near the beginning of the curve, 
whilst at the opposite end come the powerfully diamagnetic metals, 
bismuth and thallium. 

We come now to the return or negative part of the swing; 
nitrogen appears and shows instructively how position governs tho 
mean dominant atomicity. Nitrogen occupies a position immediately 


* “Nature presents ns with a single di finite (quantity of electricity. . . . 
For each chemical Ixjnd which is ruptured within an electrolyte a certain 
quantity of electricity traverses the electrolyte, which is tho same in all cases.** 
— G. Johnstons Stoney, “ On the Physical Units of Nature .’* — British Asi^ocia- 
ticn Meetiruj^ 1874, Section A. Phil, Mag.^ May, 1881. 

“The same definite quantity of cither positive or negative electrictly moves 
always with each univalent ion, or with every unit of allinity of a multivalent 
ion.’ —Helmholtz, Faraday Lecture, 1881. ^ 

“Every monad atom has associated with it a certain definite qitontity of 
electricity; every dyad has twice this quantity iis^^ociated with it; efciy triad 
three times as much, and to on.** — O. Loiw:f. “On ElfCimlysis,** Bnti^h Asmocm* 
turn Reporf, 
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bt'low boron, a triatomic element, and, therefore, nitrogen is likewise 
triatomic. But nitrogen also follows upon carbon, a tetratomic body, 
and occupies the fifth position if we count from the place of origin. 
Now those seemingly opposing tendencies are beautifully harmonised 
by the endowment of nitrogen with a double atomicity, its atom being 
capable of acting either as a tri- or as a pentatomic element. With 
oxygen (di- and hexatomic) and fluorine (mon- and heptatomic) the 
same law holds good, and one half-oscillation of the pendulum is 
completed. Passiug the neutral line again, wo find successively 
formed the electro-positive bodies sodium (monatomic), magnesium 
(diatomic), aluminium (triatomic), and silicon (tetratomic). 

Here we may notice a curious coincidence ; at the beginning of 
this part of the curve stands carbon, the most ubiquitous element in 
the organic world. At the end, in opposition, stands silicon, the 
most commonly occurring clement in the inorganic sphere. Further, 
as wc move towards the median line, carbon is successively followed 
by nitrogen, oxygen, and fluorine, all entering into org^ic com- 
pounds and all gaseous in the free state. If we work back from 
silicon wc find aluminium, magnesium, and sodium, all much less 
disposed to vrd^’tility, and all very prominent members of the mineral 
kingdom. 

The first complete swing of the pendulum is accomplished by the 
birth of the three electro-negative oleinents, phosphorus, sulphur, and 
chlorine ; all three, like tlio corresponding elements on the opposite 
homeward swing, having at least a double atomicity, depending on 
position. 

Let us pause and examine the results. Wo have now formed the 
elements of water, of air, of ammonia, of carbonic acid, of plant and 
animal life ; we have phosphorus for the brain, salt for the sea, clay 
and sand for the solid earth ; two alkalies, an alkaline earth, an 
earth, along with their carbonates, borates, nitrates, fluorides, 
chlorides, sulphates, phosphates, and silicates, sufficient, it may bo 
said, for animal and vegetable life, and for a world not so very 
different from that in which we live and move. 

Again let us follow our pendulum. After the formation of 
chlorine this pendulum touches the neutral lino, and is in the same 
position as in the beginning. Had everything remained as at first 
the next clement to appear would again have been lithium, and tho 
original cycle would have been eternally repeated, producing again 
and again tho same fifteen elements. The conditions, however, are 
no longer tho same : time has elapsed and the form of energy re- 
presented by the vertical line has declined ; in other words, the 
temperature has sunk, and the first element to come into existence 
when tho pendulum starts for its second oscillation is not lithium, 
but the metal next allied to it in tho series, i. 0. potassium, which may 
be regarded as the lineal descendant of litLium, with tho same 
hereditary tendencies, but with loss molecular mobility and a higher 
atomic weight. 
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Pass along the curve and in nearly every case the same law holds 
good. Thus the last element of the first complete vibration is 
chlorine. In the corresponding place in tlie second vibration we 
have not an exact repetition of chlorine but the very similar body 
bromine, and when the same position recurs for the third time we 
see iodine. I need not multiply examples. I may, however, point 
out that we have here a phenomenon which reminds us of alter- 
nating or cyclical generation in the organic world, or wo may 
perhaps say of atavism, a recurrence to ancestral types, somewhat 
modified. 

In this evolutionary scheme it cannot be expected that the 
potential elements should all bo equal to each other. On the con- 
trary, many degrees of stability will bo represented, and if we look 
with a scrutinising eye wo shall see our old friend the “ missing 
link,” coarse enough to be detected in the groups comprising such 
bodies as iron, nickel, and cobalt; palladium, ruthenium, and 
rhodium ; iridium, osmium, and platinum : whilst in a more subtile 
form these missing links present themselves as representatives of tlie 
differences which I have suggested between the atoms of the same 
chemical element. 

On the even or paramagnetic half of the swing the energy 
appears to have acted in a very irregular manner, whilst on the odd, 
or diamagnetic half, there is considerable regularity. Thus, be- 
tween the extreme odd elements, silicon (28), germanium (73), 
tin (118), a missing element (163), and lead (208) there is a differ- 
ence of exactly 45 units, rendering this half of the curve remarkably 
symmetrical. On the even side the differences are 36, 42, 51, 39 
and 53 (assuming an atomic weight of 180 for a missing element 
between cerium and thorium). At first siglit tliese differences 
appear to follow no la\^ but they gain interest when wo see that the 
mean differences of these figures is 41*2 — almost exactly the same as 
that on the odd side of the curve. 

From this uniformity of difference — actual on the one side and 
average on the other — we may fairly infer that whilst on the odd side 
there has been little or no variation in the force symbolised by the ver- 
tical line, minor irregularities have been the rule on the even side. 
Or, in other words, the fall of temperature has been very uniform on 
the odd side — w'here, accordingly, we see that every original clement 
represents a well marked group, sodium, magnesium, aluminium, 
siHcon, phosphorus, and chlorine ; whilst on the even side the tem- 
perature has fallen with considerable fluctuations, thus preventing 
the formation here of any well-marked groups of elements, excepting 
those of which lithium and glucinum arc the leading types. 

Having thus detected irregularities in the fall of temperature in 
the protyle, we may next ask is there any fluctuation in the fo>’cc re- 
presented by the pendulum-movement? This movement I have 
assumed to be connected with electrical energy. The earliest-formed 
elements are those in which chemical energy is at a maximum ; as 
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we dcBoend the scale the affinities become feebler and the chemism 
grows more and more sluggish. In part this cl^nge may be due to 
the circumstance that the elements generated at a reduc^ tempera- 
ture no longer possess great molecular mobility. But it is also ex- 
tremely probable that the chomism-forming energy is itself dying 
out like the fires of the cosmic furnace. I have attempted to sym- 
bolise this gradual fading by a decrease in the amplitude of 
vibration. 

The figures representing the scale of atomic weights may bo sup- 
posed to represent, inversely, the scale of a gigantic pyrometer 
plunged into a cauldron whore the elements of suns and worlds are 
undergoing formation. As the heat sinks, the elements generated 
increase in density and atomic weight Below the formation-point 
of uranium the temperature will probably permit of the earlier-bom 
elements forming combinations among themselves, and we shall 
witness, e. g. the birth of water, and the formation of thode known 
compounds the dissociation of which is not beyond the powers of our 
terrestrial sources of heat. 

Turning to the upper portion of the diagram we see that there is 
little room for elements of a lower atomic weight than hydrogen. 
But let us pass through the looking-glass and cross the zero lino. 
What shall wo find on the other side ? Dr. Carnellcy asks for an 
element of negative atomic weight; and hero is ample room and 
verge enough for a sliadow series of such unsubstantialities, leading, 
perhaps, to that “ Unseen Universe*' which two eminent physicists 
have discussed. Helmholtz says that electricity is probably as 
atomic as matter ;* is electricity ono of the negative elements ? and 
the lumiuiferuus ether another? Matter, as we now know it, does 
not hero exist ; and the forms of energy which are apparent in the 
motions of matter are as yet oidy latent possibilities. 

A genesis of the elements such as is here sketched would not bo 
confined to our little solar system, but would probably follow the 
same general sequence of events in every centre of energy now visible 
as a star. 

It may bo said that so far I have proved nothing. But I may 
submit that at least I have shown the improbability of the per- 
sistence of the ultimate character, and the eternal self-existence, the 
fortuitous origin, and the simultaneous creation of the elements. 
The analogy of these elepients with the organic radicles, and still 
more with living organisms, constrains us to suspect that they are 
compound bodies, springing from a process of evolution. We have 
drawn corroborative evidence from the distribution and the associa- 
tion of the rare earths, evidence which seems to bo converging to the 


* ** If we accept the hypothesis that the elementary substances are composed 

of atoms, we cannot avoid concluding that electricity also, positive ae well as 
negative, is divided into definite elementary portions, which behavo like atoms 
of electricity.”— Helmholtz, Faraday Lecture, 1881. 




426 LIBRARY OF SCIENCE 

point of assuming a direct character. Led by tho great law of con* 
tinuity 1 have ventured to suggest a process by which our elements 
may have boon originated. 1 dare not say mwt have been originated, 
for no one can be better aware than I am bow much remains to be 
done before this great, this fundamental question can be finally 
solved. I earnestly hope that others will take up the task, and that 
chemistry, like biology, may find its Darwin. 

If we consider the position we occupy with reference to tho 
primary questions of chemistry, we might compare research to a 
game of chess. Man, the investigator, is playing, not with Satan for 
his soul, but with Nature for knowledge and power. Each element 
has its allotted moves on the great board of the universe ; some of 
them dependent solely on themselves, and others on tho interaction 
of tho adjacent elements. Some of our elements may bo compared to 
pawns, others to knights, bishops, or castles. The game is fearfully 
unequal. Our antagonist knows the power and the limitations of 
every piece, all the laws of the game, all possible moves, and is 
merciless in exacting penalty for errors. Wo experimentalists know 
nothing but what we have learned in countless losing games. But 
our knowledge is increasing. Nature no longer gives us fool’s 
mate. The struggle becomes more obstinate, more exciting, we come 
upon new gambits, new combinations, and though still checkmated 
at the last, wo take a few pawns, perhaps even a piece or two. Such 
partial successes were achieved when Lavoisier introduced the iiso of 
the balance and developed the theory of combustion ; when Dalton 
put forward tho atomic theory ; when Davy decomposed the alkalies ; 
when Wohler effected the synthesis of urea ; and when Faxaday first 
liquefied a gas. On such and many similar occasions 1 can imagine 
our antagonist becoming thoughtful. 

But suppose wo one day win tho game ; that we find out what 
these obstinate elements really arc, that we learn how they camo 
into being, and wherefore their number, their properties, and their 
mutual relations are such as we find them ? We shall then know, 
a priori, what wo have now to find out by special experiment ; we 
shall foresee the results of every conceivable reaction, and our 
theories will legitimate themselves by the power of prediction. To 
attain such knowledge seems to me the grand task of the chemistry 
of the coming age. 

If you think I have given too free rein to the scientific imagina- 
tion ” you will, I hope, forgive me as one who at least does not 
despair of the future of our Science, 

[W, 0.] 



Friday, February 25, 1887. 

William Huggins, Esq. D.O.L. LL.D. F.E.S. Manager and Vice- 
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Captain W. de W. Abney, E.E. F.R.S. M . B.L 
Sunlight Colours. 

Sunlight is so intimately woven up with our physical enjoyment of 
life that it is perhaps not the most uninteresting subject that can be 
chosen for what is — perhaps somewhat pedantically — termed a Friday 
evening “ discourse.” Now, no discourse ought to be possible without 
a text on which to hang one’s words, and I think I found a suitable 
one when widkihg with an artist friend from South Kensington 
Museum the other day. The sun appeared like a red disk through 
one of those fogs which the east wind had brought, and I happened 
to point it out to him. He looked, and said, “ Why is it that the sun 
appears so red ? ” Being near the railway station, whither he was 
bound, I had no time to enter into the subject, but said if ho would 
come to the Royal Institution this evening I would endeavour to 
explain the matter. I am going to redeem that promise, and to 
devote at all events a portion of the time allotted to me in answering 
the question why the sun appears red in a fog. I must first of all 
appeal to what every one who frequents this theatre is so accustomed 
to, viz. the spectrum ; I am going not to put it in the largo and 
splendid stripe of the most gorgeous colours before you with which 
you are so well acquainted, but my spectrum will take a more modest 
form of purer colours some twelve inches in length. 

I would ask you to notice which colour is most luminous. I 
think that no one will dispute that in the yellow we have the most 
intense luminosity, and that it fades gradually in the red on the oiio 
side and in the violet on the other. This then may be called a quali^ 
tative estimate of relative brightnesses ; but I wish now to introduce 
to you what was novel last year, a quantitative method of measuring 
the brightness of any part. 

Before doing this I must show you the diagram of the apparatus 
which I shall employ in some of my experiments. 

B R are rays (Fig. 1) coming from the arc light, or, if we were 
using sunlight, from a heliostat, and a solar imago is formed by a lens, 
L„on the slit Sj of the collimator o. The parallel rays proluced by 
the lens L 2 are partially refracted and partially reflected. The former 
pass through the prisms and are focused to form a spectrum by 
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a lens, L3, on d, a movablo ground-glass scroen. The rays are collected 
by a lens, L4, tilted at an augle as shown, to form a white imago of the 
near surface of the second prism on f. 

Passing a card with a narrow slit s^, cut in it in front of the 
spectrum, any colour which I may require can be isolated. The 
consequence is that, instead of the white patch upon the scroen, I 



— - 

jp 

Colour Photometer, 

have a coloured patch, the colour of which 1 can alter to any hue 
lying between the red and the violet. Thus, then, wo arc able to get 
a real patch of very appropriately homogeneous light to work with, 
and it is with these patches of colour that I shall have to deal. Is 
there any way of measuring the brightness of these patches ^ was a 
question ask^ by General Festing and myself. After trying various 
plans, we hit upan the method I ^all now show you, and if any one 
works with it he must become fascinated with it on account of its 
almost childish simplicity — a simplicity, 1 may remark, which it took 
ns some months to find out. Placing a rod before the screeni it casts 
a black shadow surrounded with a coloured background. Now I may 
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cast another shadow from a candlo or an incandescence lamp, and the 
two shadows are illuminated, one by the light of the coloured patch 
and the other by the light from an incandescence lamp which I am 
using to-night. [Shown.] Now one stripe is evidently too dark. By 
an arrangement which I have of altering the resistance interposed 
between the battery and the lamp, I can diminish or increase the light 
from the lamp, first making the shadow it illuminates too light and 
then too dark compared with the other shadow which is illuminated 
by the coloured light. Evidently there is some position in which 
the shadows are equally luminous. When that point is reached, I can 
road off the current which is passing through the lamp, and having 
previously standardised it for each increment of current, I know what 
amount of light is given out. This value of the incandescence lamp 
I can use as an ordinate to a curve, the scale number which marks the 
position of the colour in the spectrum being the abscissa. This can 
bo done for each part of the spectrum, and so a complete >curve can be 
constructed which we call tlie illumination curve of the spectrum of 
the light umler consideration. 

Now, when we are working in the laboratory with a steady light, 
we may be at ease with this method, but when we come to working 
with light such as the sun, in which there may be constant variation 
owing to passing, and maybe usually imperceptible, mist, wo are met 
with a difficulty ; and in order to avoid this, General Festing and 
myself substituted another method, which I will now show you. We 
made the comparison light part of the light we were measuring. 
Light which enters the collimating lens partly passes through 
the prisms and is partly reflected from the first surface of the 
prism ; that we utilise, thus giving a second shadow. The reflected 
rays from p, fall on o, a silver-on-glass mirror. They are collected by 
L 5 , and form a white imago of tho prism also at f. The method wo 
can adopt of altering the intensity of the comparison light is by 
means of rotating sectors, which can be opened or closed at will, and 
the two shadows thus made equally luminous. [Showm.] But 
although this is an excellent plan for some purposes, we have found 
it better to adopt a different method. You will recollect that the 
brightest part of the spectrum is in tho yellow, and that it falls off in 
brightness on each side, so, instead of opening and closing the sectors, 
they are set at fixed intervals, and the slit is moved in front of the 
spectrum, just making tho shadow cast by the reflected beam too dark 
or too light, and oscillating between tho two till equality is dis- 
covered. Tho scale number is then noted, and the curve con- 
structed as before. It must be remembered that, on each side of the 
yellow, equality can bo established. 

This method of securing & comparison light is very much better 
for sun work than any other, as any variation in the light whose 
spectrum is to bo measured affects the comparison light in the same 
degree. Thus, suppose 1 interpose an artificial cloud before the slit 
of the spectroscope, having adjusted tho two shadows, it will be seen 
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that the passage of steam in front of the slit does not alter the 
relative intensities; but this result must be received with caution. 
[The lecturer then proceeded to point out the contrast colours that 
the shadow of the rc^ illuminated by white light assumed.] 

I must now make a digression. It must not be assumed that 
every one has the same sense of colour, otherwise there would be no 
colour-blindness. Part of the researches of General Posting and 
myself have been on the subject of colour-blinduess, and these I 
must briefly refer to. We tost all who come by making them match 
the luminosity of colours with white light, as 1 have now shown you ; 
and as a colour-blind person has only two fundamental colour per- 
ceptions instead of three, his matching of luminosities is even more 
accurate than is that made by those whoso eyes are normal or nearly 
normal. It is curious to note how many people are more or less 
defleient in colour-perception. Some have remarked that it is 
impossible that they were colour-blind, and would not believe it, 
and sometimes we have been staggered at first with the remarkable 
manner in which they recognised colour to which they ultimately 
proved deficient in perception. For instance, one gentleman when I 
asked him the name of a rod colour patch, said it was sunset colour ; 
ho then named green and blue correctly, but when I reverted to tho 
red patch ho said green. On testing further ho proved totally defi- 
cient in the colour-perception of red, and with a brilliant red patch 
he matched almost a black shadow. The diagram shows you the 
relative perceptions in tho spectrum of this gentleman and myself. 
There are others who only see three-quarters, others half, and others 
a quarter the amount of red that we see, whilst some see nonq^ Others 
see less green and others less violet, but I have met with no one that 
can see more than myself or General Festing, whoso colour-perceptions 
are almost identical. Hence we have called our curve of illumination 
tho “ normjvl curve.’* 

We have tested several eminent artists in this manner, and about 
onc-half of the number have be'en proved to see only three-quai ters 
of tho amount of rod which wo see. It might be thought that this 
would vitiate their powers of matching colour, but it is not so. They 
paint what they see, and although they see less red in a subject, they 
see the same deficiency ju their pigments ; hence they are correct. 
If totally deficient, the case of course would bo dififerent. 

Let us carry our experiments a step further, and see what effect 
what is known as a turbid medium has upon the illuminating value 
of diflerent parts of the spectrum. I have here water which has been 
rendered turbid in a very simple manner. In it has been tery 
cautiously dropped an alcoholic solution of mastic. Now mastic is 
practically insoluble* in water, and directly the alcoholic solution 
comes in contact with tho water it separates out in very fine partidlos, 
which, from their very fineness, remain suspended in tho water< I 
propose now to make an experiment with this turbid water. 

J place a glass cell containing water in front of tho slit, oiid on 
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the screen I throw a patch of blue light. I now change it for turbid 
water in a cell. This thickness much dims the blue ; with a still 
greater thickness the blue has almost gone. If 1 measure the 
intensity of the light at each operation, I shall find that it diminishes 
according to a certain law, which is of the same nature as the law of 
absorption. For instance, if one inch diminishes the light one-half, 
the next will diminish it half of that again, the next half of that 
again, whilst the fourth inch will cause a final diminution of the 
total light of one-sixteenth. If the first inch allows only one-quarter 
of the light, the next will only allow one-sixteenth, and the fourth 
inch will only permit 1/256 part to pass. Let us, however, take a 
red patch of light and examine it in the same way. We shall find 
that, when the greater thickness of the turbid medium we used 
when examining the blue patch of light is placed in front of the slit, 
much more of this light is allowed to pass than of the blue. If we 
measure the light we shall find that the same law holds good as 
before, but that the proportion which passes is invariably greater 
with the red than the blue. The question then presents ita^ : Is 
there any conpection between the amounts of the red and the blue 
which pass? Lord Eayleigh, some years ago, made a theoretical 
investigation of the subject ; but, as far as I am aware no definite 
experimental proof of the truth of the theory was made till it was 
tested last year by General Festing and myself. His law was that 
for any ray, and through the same thickness, the light transmitted 
varied inversely as the fourth power of the wave-length. The wave- 
length 6000 lies in the red, and the wave-length 4000 in the violet. 
Now 6000 is to 4000 as 3 to 2, and the fourth powers of these wave- 
lengths are as 81 to 16, or as about 5 to 1. If, then, the four inches 
of our turbid medium allowed three-quarters of this particular red 
ray to be transmitted, they would only allow ( |)®, or rather less than 
one-fourth, of the blue ray to pass. Now this law is not like the law 
of absorption for ordinary absorbing media, such as coloured glass for 
instance, because here we have an increased loss of light running 
from the red to the blue, and it matters not how the medium is made 
turbid, whether by varnish, suspended sulphur, or what not. It holds 
in every case, so long as the particles which make the medium turbid 
are small enough ; and please to recollect that it matters not in the 
least whether the medium which is rendered turbid is solid, liquid, 
or air. Sulphur is yellow in mass, and mastic varnish is nearly 
white, whilst tobacco-smoke when condensed is black, and very minute 
particles of water are colourless : it matters not what the colour is, 
the loss of light is alway9 the same. The result is simply due to the 
scattering of light by fine particles, such particles b^g small in 
dimensions compared with a wave of light. Now, in this trough is 
suspended 1/1000 of a cubic inch of mastic varnish, and the wato in 
it measures about 100 cubic inches, or is 100,000 times more in bulk 
than the varnish. Under a microscope of ordinary power it is 
impossible to distinguish any particles of vamidi ; it looks like a 
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homogeneons fluid, though we know that mastio will not dissolve in 
water. Now a wave-length in the red is about 1/40,000 of an inch, 
and a little calculation will show that these particles are well within 
the necessary limits. Prof. Tjndall has delighted audiences hero 
with an exposition of the effect of the scattering of light by small 
particles in the formation of artificial skies, and it would be super- 
fluous for me to enter more into that. Suffice it to say that when 
particles are small enough to form the artificial blue sky they are 
fully small enough to obey the above law, and that even larger 
particles will suffice. We may sum up by saying that very fine 
particles scatter more blue light than red light, and that consequently 
more red light than blue light passes through a turbid medium, and 
that the rays obey the law prescribed by theory. I will exemplify this 
once more by using the whole spectrum and placing this cell, which 
contains hyposulphite of soda in solution in water, in front of the 
slit. By dropping in hydrochloric acid, the sulphur separates out in 
minute particles ; and you will see that, as tho particles increase in 
number, the violet, blue, green, and yellow disappear one by one and 
only red is left, and finally tho red disappears itself. 

Now let me revert to the question why tho sun is red at sunset. 
Those who are lovers of landscape will have often seen on some 
bright summer’s day that the most beautiful effects are those in 
which the distance is almost of a match to the sky. Distant hills 
which when viewed close to are green or brown, when seen some five 
or ten miles away appear of a delicate and delicious, almost of a 
cobalt, blue colour. Now, what is the cause of this change in colour ? 
It is simply that we have a sky formed between us and tho distant 
ranges, tho mere outline of which looms through it. The shadows are 
softened so as almost to leave no trace, and we have what artists call an 
atmospheric effect. If we go into another climate, such as Egypt or 
amongst the high Alps, we usually lose this effect. Distant mountains 
stand out crisp with black shadows, and the want of atmosphere 
is much felt. [Photographs showing these differences were shown.] 
Let ns ask to what this is duo. In such climates as England there is 
always a certain amount of moisture present in the atmosphere, and 
this moisture may be present as very minute particles of water — so 
minute indeed ^at they will not sink down in an atmosphere of 
normal density— or as vaj>our. When present as vapour the air is 
much more transparent, and it is a common expression to use, that 
when distant hills look **so close” rain may be expected shortly to 
follow, since the water is present in a state to precipitate in larger 
particles; but when present as small particles of water the hills 
look veiT distant, owing to what we may call the haze between as and 
them. In recent #eeks every one has b^n able to see very multiplied 
effects of such haze. The ends of long streets, for instancy have 
been scarcely visible though the sun may have b^n shining, and at 
night the long vistas of gas lamps have shown light having an in- 
creasing redness as they became more distant. Every one admits the 
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preBonco of mist on thoso occasions, and tbis mist must bo merely a 
collection of intangible and very minute particles of suspended water. 
In a distant landscape wo have simply the same or a smaller quantity 
of stroet-mists occupying, instead of perhaps 1000 yards, ton times 
that distance. Now I would ask, What effect would such a mist have 
upon the light of the sun which shone through it ? 

It is not in the bounds of present possibility to get outside our 
atmosphere and measure by the plan I have describ^od to you the 
different illuminating values of the different rays, but this we can 
do : — First, we can measure these values at different altitudes of the 
sun, and this means measuring the effect on each ray after passing 
through different thicknesses of the atraosplicro, cither at different 
times of day, or at different times of the year, about the same hour. 
Second, by taking tho instrument up to some such elevation as that 
to which Langley took his l)olometer at Mount Whitney, and so to 
leave tho densest part of tho atmosphere below us. Now, I have 
adopted both these plans. For more than a year I liavetakeh measure- 
ments of sunlight in my laboratory at South Kensington, and I have 
also taken tho instrument up to 8000 feet high in the Alps, and made 
observations and with a result which is satisfactory in that 
both sets of observations show that tho law which holds with artifi- 
cially turbid media is under ordinary circumstances obeyed by sunlight 
in passing through our air : which is, you will remember, that more 
of tho red is transmitted than of tho violet, tho amount of each de- 
pending on tho wave-length. The luminosity of the spectrum observed 

Fig. 2. 



Relative Luminosities. 


at the lliffol I have used as my standard luminosity, and compared 
all others with it. Tho result for four days you see in the diagram. 
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I have diagrammatioallj shown the amount of different colours 
which penetrated on the same days, taking the Biffel as ten. It will 
be seen that on December 23 we have really very little violet and less 
than half the green^ although we have four-fifths of the red. 

The next diagram before you shows the minimum loss of light 
which I have observed for different air thicknesses. On the top we 
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Proportions of Transmitted Colours 

have the calculated intensities of the different rays outside our 
atmosphere. Thus we have that through one atmosphere, and two, 
three, and four ; and you will see what enormous absorption there is 
in the blue end at four atmospheres. The areas of these curves, 
which give the total Ipminosity of the light, are 761, 662, 577, 503, 
and 43$ ; and if observed as astronomers observe the absorption of 
light, by means of stellar observations, they would have had the values, 
761, 664, 578, 504, and 439 — a very close approximation one to the 
other. 

Next notice in the diagram that the top of the curve gradually 
inclines to go to the red end of the spectrum as you get the light 
transmitted through more and more air, and I should like to show 
you that this is the case in a laboratory experiment. Taking a slide 
with a wide and long slot in it, a portion is occupied by a right- 
angled prism, one of the angles of 45^ being towards the centre of 
the slot. By sliding this prism in front of the spectrum 1 can deflect 
outwards any portion of the spectrum I like, and by a mirror can 
refl^ect it through a second lens, forming a patch of light on the^screen 
overlapping the patch of light formed by the undeflected rays. If the 
two patches be exibtly equal, white light is formed. Now, by placing 
a rod as before in front of the patch, I have two coloured stri^^s in a 
white field, and though the background remains of the same intensity 
of white, the intensities of the two stripes can be altered by moving 
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the right-angled prism through the spectrum. The two stripes are 
now apparently equally luminous, and I see the point of equality is 
where the edge of the right-angled prism is in the green. Placing a 
narrow coll filled with our turbid medium in front of the slit, I find 
that the equality is disturbed, and I have to allow more of the yellow 
to come into the patch formed by the blue end of the spectrum, and 
consequently less of it in the red end. I again establish equality. 
Placing a thicker cell in front, equality is again disturbed, and 1 have 
to have less yellow still in the red half, and more in the blue half. 1 
now remove the cell, and the inequality of luminosity is still more 
glaring. This shows, then, that the rays of maximum luminosity must 
travel towards the red as the thickness of the turbid medium is 
increased. 

The observations at 8000 feet, here recorded, were taken on 
September 15 at noon, and of course in latitude 46° the sun could not 
be overhead, but had to traverse what would be almost exactly 
equivalent to the atmosphere at sea-level. It is much nearer the 
calculated intensity for no atmosphere intervening, than it is for one 
atmosphere. The explanation of this is easy. The air is denser at 
sea-level tb/ti'A at 8000 feet up, and the lower stratum is more likely 
to hold small water particles or dust in suspension than is the higher. 

For, however small the particles may bo, they will have a greater 
tendency to sink in a rare air than in a denser one, and less water 
vapour can be held per cubic foot Looking, then, from my 
laboratory at South Kensington, wo have to look through a propor- 
tionately larger quantity of suspended particles than we have at a 
high altitude when the air thicknesses are the same ; and consequently 
the absorption is proportionately greater at sea-level than at 8000 feet 
high. This leads us to the fact that the real intensity of illumina- 
tion of the different rays outside the atmosphere is greater than it is 
calculated from observations near sea-lovcl. Prof. Langley, in this 
theatre, in a remarkable and interesting lecture, in which he de- 
scribed his journey up Mount Whitney to about 12,000 feet, told us 
that the sun was really blue outside our atmosphere, and at first blush 
the amount of extra blue which ho deduced to be present in it would, 
he thought, make it so; but though he surmised the result from 
experiments made with rotating disks of coloured paper, he did not, 
I think, try the method of using pure colours, and consequently, I 
believe, slightly exaggerated the blueness which would result. I 
have taken Prof. Langley’s calculations of tho increase of intensity 
for tho different rays, which I may say do not quite agree with mine, 
and I have prepared a mask which I can plnco in the spectrum giving 
the different proportions of each ray as calculated by him, and this 
when placed in front of the spectrum will show you that the real 
colour of sunlight outside tho atmosphere, as calculated by Langley, 
can scarcely be called bluish. Alongside 1 place a patch of light 
which is very closely the colour of sunlight on a July day at noon 
in England. This comparison will enable you to gauge the blueness. 
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and yon will boo that it is not very blue, and, in fact, not bluer per- 
ceptibly than that we have at the Eiffel, tho colour of the sunlight at 
which place 1 show in a similar way. 1 have also prepared some 
screens to show you the value of sunlight after passing through five 
and ten atmospheres. On an ordinaiy clear day you will see what a 
yellowness there is in the colour. It seems that after a certain 
amount of blue is present in white light the addition of more makes 
but little difference in the tint. But these last patches show that the 
light which passes through tho atmosphere when it is feebly charged 
with particles does not induce the red of tho sun as seen through 
a fog. It only rec^uires more suspended particles in any thickness 
to induce it. 

In observations made at the Eiffel, and at 14,000 feet, I have 
found that it is possible to see far into the ultra-violet, and to dis- 
tinguish and measure lines in the sun’s spectrum which can ordina- 
rily only be seen by the aid of a fiuorescent eye-piece or by means 
of photography. Circumstantial evidence tends to show that tho 
burning of the skin, w'hich always takes place in these high altitudes 
in sunlight, is duo to the great increase in the ultra-violet rays. It 
may be remarked that tho same kind of burning is cftccted by tho 
electric arc light, wliich is known to be very rich in these rays. 

Again, to use a homely phrase, “ You cannot eat your cake and 
have it,” You cannot have a large quantity of blue rays present in 
your direct sunlight, and have a luminous blue sky. The latter must 
always be light scattered from the former. Now, in the high Alps 
you have, on a clear day, a deep hlue-black sky, very different indeed 
from the blue sky of Italy or of England ; and as it is tho sky which 
is the chief agent in lighting up the shadows, not onlji-in those 
regions do we have dark shadows on account of no intervening — what 
I will call — mist, hut because the sky itself is so little luminous. In 
an artistic point of view this is imjK)rtant. Tho warmth of an English 
landscape 'in sunlight is due to tho highest lights being yellowish, 
and to the shadows being bluish from the sky-light illuminating them. 
In the high Alps tho high lights are colder, being bluer, and tho 
shadows are dark, and chiefly illuminated by reflected direct sunlight. 
Those who have travelled abroad will know what tho effect is. A 
painting in the Alps, at any high elevation, is rarely jdoasiug, 
although it may bo true to Nature. It looks cold, and somewhat 
harsh and blue. 

In London we are often favoured with easterly winds, and these, 
unpleasant in other ways, are also destructive of that portion of the 
sunlight which is tho most chemically active on living organisms. 
The sunlight composition of a July day may, by the prevalence of an 
easterly wind, be reduced to that of a November day, as I have jirovod 
by actual measarci£ent. In this case it is not the w^ator pafticlcs 
which act as scatterers, but the carbon particles from the smokO. 

Knowing, then, tho cause of the change in tho colour of sunlight, 
we can make an artificial sunset, in which we have an imitation light 



LIBRARY OF SCIENCE 


437 

paBsing through increasing thicknesses of air largely charged with 
water particles. [The image of a circular diaphra^ placed in front 
of the electric light was thrown on the screen in imitation of the sun, 
and a cell containing hyposulphite of soda placed in the beam. 
Hydrochloric acid was then added : as the fine particles of sulphur 
were formed, the disk of light assumed a yellow tint, and as the 
decomposition of the hyposulphite progressed, it assumed an orange 
and finally a deep red tint.] With this experiment I terminate my 
lecture, hoping that in some degree I have answered the question I 
propounded at the outset : why the sun is red when seen through 
a fog. 

[W. DE W. A.] 
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The Bight Hon. Lord Bayleigh, M.A. D.C.L. LL.D. F.B.S. M.BJ, 
On the Colours of Thin Plates^ 

The physical theory, as founded by Young and perfected by his 
successors, shows how to ascertain the composition of the light 
reflected from a plate of given material and thickness when the 
incident light is white ; but it does not, and cannot tell us, except 
very roughly, what the colour of the light of such composition will 
be. For this purpose we must call to our aid the theory of compound 
colours, and such investigations as were made by Maxwell upon the 
chromatic relations of the spectrum colours themselves. Maxwell 
found that on Newton’s chromatic diagram the curve representative 
of the spectrum takes approximately the simple form of two sides of 
a triangle, of which the angular points represent a definite red, a 
definite green, and a definite violet. The statement implies that 
yellow is a compound colour, a mixture of red and green. 

In illustration of this fact, an experiment was shown in which 
a compound yellow w^s produced by absorbing agents. An infu- 
sion of litmus absorbs the yellow and orange rays ; a thin layer of 
bichromate of potash removes the blue. Under the joint operation of 
these colouring matters the spectrum is reduced to its red and green 
elements, as may be proved by prismatic analysis ; but, if the pro- 
portions are suitably chosen, the colour of the mixed light is yellow 
or orange. When the slit of the usual arrangement is replaced by a 
moderately large circular aperture, the prism throws upon the screen 
two circles of red and green light, which partially overlap. Where 
the lights are separated, the red and green appear ; whore they arc 
combined, the resultant colour is yellow. 

On the basis of Maxwell’s data it is possible to calculate the 
colours of thin plates and to exhibit the results in the form of a 
curve upon Newton’s diagram. The curve starts at a definite point, 
corresponding to an infinitely small thickness of the plato.'^ This 
point is somewhat upon the blue side of white. As the thickness 
increases the curve passes very close to white, a little upon the green 
side. It then approaches the side of the triangle, indicating a full 
orange ; and so on. In this way the colours of the various orders 
of Newton’s scale are exhibited and explained. The principal dis- 
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crepancy between the curve and the descriptions of previous observers 
relates to the precedence of the reds of the first and second orders. 
The latter has usually been considered to be the superior, while the 
diagram supports the claim of the former. The explanation is to be 
found in the inferior brightness (as distinguished from purity) of 
the rod of the first order and its consequent greater liability to suffer 
by contamination witli white light. Such white light, foreign to the 
true phenemenon, is always present when the thin plate is a plate of 
air enclosed between glass lenses. To niako the comparison fairly, 
a soap film must be used, or recourse may be had to the almost 
identical series of colours presented by moderately thin plates of 
doubly refracting crystals when traversed by polarised light. Under 
these circumstances the red of the first order is seen to be equal or 
superior to that of the second order. 

[RAYLKian.] 



Friday, April 1, 1887. 

Sib Frederick Abel, C.B. D.C.L. F.R.S. Manager and Vice- 
President, in the Chair. 

Professor Dewar, M.A. F.R.S. 3TM.L 
Light as an Analytic Agent. 

Analytical research by means of the agency of light is usually 
carried out, by observing the effects produced on light of known 
quality by transmission through or reflection from matter ; or on the 
other hand, by stimulating matter by the agency of heat or electricity 
to evolve light, and thereby noting its special qualities. 

In previous lectures I have given an account of the rc'^ults of a 
series of experiments, undertaken in concert with my colleague Prof. 
Liveing, with the object of elucidating certain obscure spectroscopic 
phenomena, and I propose this evening to extend the record of our 
work. 

Not long since Bortholot published the results of some investiga- 
tions of the rate of propagation of the explosion of mixtures of oxygen 
with hydrogen and other gases. Ho found that in a mixture of oxygen 
and hytlrogen in the proportions in which they occur in welter, the ex- 
plosion progressed along a tube at tho rate of ‘2841 metres per second ; 
not far from tho velocity of mean square for hydrogen particles, on 
the dynamic theory of gases, at a temperature of 2000'^. 

This is a velocity which, though very far short of tho velocity of 
light, bears a ratio to it which cannot bo called insensible. It is in 
fact about -KjsVoiy Hence if the explosion were advancing 

towards the eye, the waves of light would proceed from a series of 
particles lit up in succession at this rate. This would be equivalent 
to a shortening of tho wave-length of tho light by about part; 

and in the case of the yellow sodium lines would produce a shift of 
the lines towards the more refrangiblo sido of the spectrum by a 
distance of about lor space between tho two lines. It would 

requiro an instrument of very high dispersive power and sharply 
deffned lines to make such a displacement appreciable. With lines 
of longer wave-length than the yellow sodium lines, tho displacement 
would be proportionately greater. Further, if a receding explosion 
could be observed simultaneously with an advancing explosion, tho 
relative shift of the lino would be doubled, ono imago of the line 
observed being thrown as much towards the loss-rofrangiblo sido of 
its proper position as the other was thrown towards the more- 
refrangible side. Tho two images of tho red lino of lithium would in 
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this way bo separated by a distance of about | of a unit of Angstrom’s 
scale ; a quantity quite appreciable, though much less than the 
distance between the components of ^ 3 , and about equal to the 
distance of the components of the less refrangible of the pair of lines 
E. We thought therefore that wo might test theory by experiment. 

A preliminary question had, however, to bo answered. What 
lines could bo seen in the flash of the exploding gases ? We wore 
pretty certain that the hydrogen lines could not be seen, but that 
probably we might get sufficient dust of sodium compounds floating 
in the gas to make the sodium lines visible. A preliminary observa- 
tion was made on the flash of mixed hydrogen and oxygen in a 
Cavendish’s eudiometer, which showed not only the yellow sodium 
lines, but the orange and green bands of lime and the indigo line of 
calcium all very brightly, as well as other lines not identified. The 
flash is very instantaneous, but nevertheless produces a strong im- 
pression on the eye ; and by admitting the light of a flame into the 
spectroscope at the same time as that of the flash, the identity of the 
lines was established. That sodium should make itself seen was not 
surprising, but that the spectrum of lime should also be so bright 
had not becnautveipatod. At first we thought that some spray of the 
water over which the gases were confined must have found its way 
into the eudiometer ; but subsequent observations led us rather to 
suppose that the lime was derived from the glass of the eudiometer. 
The lime-spectrum made its appearance when the eudiometer was 
quite clean and dry, and when the gases had been standing over water 
for a long time. 

To obtain the high dispersion requisite, as already explained, we 
made use of one of Rowland’s magnificent gratings, with a ruled 
surface of SJ by inches, and the linos 14,138 to the inch. One 
telescope fitted with a collimating eye-piece served both as collimator 
and observing-telcscopo ; and by this means we were able to use the 
spectra of the third and fourth orders with good effect. 

Observations wore made with this instrument on explosions in an 
iron tube shown in section in Fig. 1, half an inch in diameter, fitted 
at the end with a thick glass plate (a), hold on by a screw-cap (c) and 
made tight with leaden washers. Small lateral tubes (d, d), at right 
angles to the main tube, were brazed into it near the two ends, for 
the purpose of connecting it with the air-pump, admitting the gases, 
and firing them. For this last purpose a platinum wire (h) fused into 
glass was cemented into the small tube, so that an electric spark 
could be passed from the wire to the side of the small tube when the 
gases were to bo exploded. 

To bring out the lithium lines, a small quantity of lithium 
carbonate in fine powder was blown into the tube before the cap with 
glass plate was screwed on. Powder was used because we supposed 
that it must bo loose dust which would bo lighted up by the explosion. 
The lithium lines came out bright enough, and it was unnecessary to 
put in any more lithium for any number of explosions. Tho tube 
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was of course quite wot after the first explosion from the water 
formed, but the lithium linos were none the loss strong. Indeed, 
after the tube had been very thoroughly washed out, the lithium 
linos continued to bo visible at each explosion, though less brightly 
than at first. A good deal of continuous spectrum accompanies the 
flash which, from the overlapping of spectra of diffeicnt orders, makes 
observations difficult, so a screen of red glass was used to cut this off 
when tho lithium rod lino was under observation. In any case, 
however, close observation of the flashes is very trying, from the 
suddenness with which the illumination appears, and the briefness of 
its duration. At first wo compared tho lithium lino given by tho 
flash of tho exploding gases with that produced by the flame of a 
small Bunsen burner in which a bead of fused lithium carbonate was 
held, both being in the field at onco. While tho flame-lino was 
sharply defined, the flash-line had a different character, and was always 
diffuse at the edges ; so that it was not possible in this way to sub- 
stantiate the minute difference of wave-length indicated by theory, 
though tho flash-line certainly seemed a little tho more ndrangiblo 
of the two. 

We then tried taking tho explosion in a tube bent round so ns to 
be returned upon itself, tho two parts of tho tube being parallel to 
each other, and tho gloss ends side by side (Fig. 2). Tho axis of tho 




collimator (T) was made to coincide with that of one limb of the tube, 
so that the flash in that limb was seen directly ; and by moans of two 
reflecting prisms (r, r) tho light from tho other limb was thrown into 
the slit, and the two images were seen simultaneously one above the 
other. As the gas was ignited from one end of tho tube, the flash 
was seen receding in one limb, approaching in tho other, so that tho 
displacement of the two lines would be doubled. Still wo wero 
unable to subst^tiate any relative displacement of the Cncs on 
account of their breadth and diffuse character. By washing out tho 
tube tho breadth of tho lines was considerably reduced, but they 
remained diffuse at the edges, and baffled any observation sufficiently 
accurate to establish a displacement. Certainly there appeared to be 
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a very slight displacement, but it was not so definite that one could 
be sure of it. 

These observations, however, led us to some other interesting 
results. In the first place, one of the two images of the lithium lino 
almost always was reversed — that is, showed a dark line down the 
middle. This was the lino given by the flash approaching the slit. 
The receding flash in the other limb of the tube gave as broad a 
bright lino, but it had no dark lino in its middle. This observation 
was made a great many times ; and the foot of the reversal established 
independently in the case of some other metallic lines by means of 
photographs. These reversals show that in the wave of exj)losion the 
temperature of the gases docs not reach its maximum all at once ; 
but the front of the wave is cooler than the part which follows and 
absorbs some of its radiation, while the rear of the wave does not 
produce the same effect. One would suppose that there must be 
cooler lithium-vapour in the rear of the wave as wdl as in its front ; 
but it is possible that the absorption produced by it extends over the 
whole width of the line, and not only over a narrow strip in the middle. 
For we observed that when a little lithium carbonate was freshly put 
into the till j,' do. red line was so much expanded as to fill the whole 
field of view — that is to say, it was some ten or twelve times as wide 
as the distance between the two yellow lines of sodium ; but by 
washing out the tube with w'ater (that is, by reducing the quantity 
of lithium present in the tube), the lino could be reduced in width 
until it was no wider than one-tenth of the distance between the two 
sodium lines. This seems to prove that the breadth of the line is 
directly dependent on the amount of lithium present. 

M. Fievez has, in a recent publication (‘ Bulletins de TAcademio 
royale dc Belgique*), concluded, from observations on sodium, that the 
widening of the lines is solely duo to elevation of temperature. The 
flash of the exploding gases cannot bo mised in temperature by the 
presence of a minute quantity more of a lithium compound; so that 
in our case the widening cannot be ascribed to anything but the 
increase in the quantity of lithium present, or to some consequence 
of that increase. It is not improbable that the amount of lithium 
vaporised in the front of the wave of cxidosion is less than in the 
following part, and hence the absorption-line is not so wdde as the 
bright lino behind it, while in tho rear of the w^avc the absorption 
extends over tho whole width of the bright band, and so is not so 
easily noticed. Only twice amongst many observations was any 
reversal of the lithium line seen in the receding wave of explosion. 

On observing tho flash with a spectroscopo of small dispersion 
instead of that wdth the grating, the continuous spectrum was very 
bright, but the metallic lines stood out still brighter ; not only the 
red lino of lithium, but tho orange, tho green, and tho blue lines were 
very bright, and continued so when the pressuio of the gases before 
explosion w'as reduced from one atmosphere to one-third of an at- 
mosphere. The violet line was not seen, but it may have been so 
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xnach expanded as to be lost in the oontinuous spectrum ; for it 
showed in a photograph afterwards taken. Other lines wore, how- 
ever, seen — the sodium yellow lines, the calcium indigo line, a group 
of other blue lines, and a group of green lines, amongst which 
one line was conspicuous, and this line, by comparison with the 
solar spectrum, was identified with E. Wo had not expected to 
see any lines of iron, as iron and its compounds give no lines in the 
flame of a Bunsen burner, and we su 2 )posed that it would only be 
volatilised at a much higher temperature. But the appearance of E 
suggested that other of the green and blue linos might be duo to 
iron ; so wo proceeded to compare the positions of these lines with 
those of the electric spark between iron electrodes. For this purpose 
one of the spark-lines was first brought carefully on to the pointer, 
or cross wires, in the eye-piece of the observing telescope, and then, 
the passage of the spark being stopped, the flash of the exploding 
gases was observed. It was not difficult to see whether any lino was 
on the pointer ; and the observation could bo repeated as many times 
as was desired without any shift of the apparatus. Nino of the most 
conspicuous green and yellowish-green lines in the flash wore thus 
identified with lines of iron. For the blue and violet wo adopted the 
photographic method as much less trying to tho eyesight. Eight to 
twelve flashes wore taken in succession without any shift of tho 
apparatus, so as to accumulate their effects on the photograi)hic plate. 
Eight flashes were found enough in general to produce a good im- 
pression, and more than twelve could not well be taken without 
turning out tho water which accumulated in the tube, and cleaning 
the glass which closed* its end. After the flashes bad been taken, 
but without shifting tho photographic plate, tho slit of^ho si>ectro- 
scope was partly covered, and the electric spark between iron points 
passed in front of tho slit. We had thus on tho plate tho photograph 
of the flash as well as of the spark. Fourteen more lines in tlie in- 
digo and violet were thns identified with iron lines ; and on extending 
the photographs into tho ultra-violet, and substituting quartz lonst's 
and prisms for tbe glass ones hitherto used, a much larger number of 
lines were identifie<l. There could bo no doubt, then, that we had 
iron vapour in tho flash. We supposed that it must bo derived from 
dust of oxide shaken by tho explosion off tho sides of tlio tube, and 
we had tho tube bored out clean and bright like a guu-barrol. This 
made no diminution in the brightness or number of the lines ; and wo 
came to the conclusion that the explosion detached particles of iron 
from the tube, and converted them into vapour. This was confirmed 
by finding that, however carefully tho tube had been cleoped, tbe 
glass ends always became clouded with a rusty deposit aftejr ton or 
twelve flashes. .Altogether 68 lines of iron have been idenlifiod in 
the flash, of which about 40 lie in the ultra-violet between & and O. 
Only one iron line above O has been definitely identified, an4 that in 
only a few photographs. It is T. 

As iron gave so many linos in the flash it was reaBonablo to sup- 
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poBe that more volatile metals would give their lines too. Linings 
of thin sheet copper, lead, cadmium, zinc, aluminium, and tin wore 
successively put into the tube, and their effects on the flash observed. 
Copper gave one strong line in the green (wave-length 6104*9), but 
no other lino in the visible part of the spectrum. In the ultra-violet 
two strong lines between Q and B came out in the photographs, fre- 
quently as reversed lines. Some of the photographs showed also 
something of the shaded bands in tho blue which are ascribed to the 
oxide of copper. The green lino of copper had been observed in the 
flash before tho copper lining was put into tho tube ; and wo con- 
cluded that the copper was derived from tho brass with which the 
small lateral tubes were fastened into the large tube, or that the iron 
of the tube contained a little copper. When the leaden lining was 
used, only one visible line of load was developed, and that was the 
strong violet line, but two ultra-violet lines between M and N were 
strongly depicted on the photographic plates. Tho violet lino of 
lead had also been observed in many of the 2 )hotograi)hs taken before 
the leaden lining was introduced. This wo ascribed to the leaden 
washers used to make the glass or quartz plates air-tight. The lino 
was greatly ifu?..iasod in strength by tho leaden lining. Tho zinc 
lining gave no visible lino at all, notwithstanding tho easy volatility 
of tho metal ; and in tho ultra-violet it gave only a very doubtful 
impression of one of tho lines near P, The cadmium, aluminium, 
and tin linings gave no lines at all. Zinc dust put into tho tubo 
gave no zinc lines, merely increased tho continuous spectrum, and 
speedily rendered tho quartz end opaque, 

A clean wire of magnesium put into tho tubo gave the h group of 
lines, but no other lino. No trace of tho blue lino, so conspicuous in 
the flamo of burning magnesium, nor of tho triplets near L and S, 
nor of the very strong line, the strongest of all in the arc, at wave- 
length 2852. and 6, were well seen ; but as is an iron line, as 
well as a magnesium line, and tho iron lino was visible in tho flash 
before tho magnesium wire was introduced, we cannot be sure ether 
tho magnesium line, as well as the iron lino, was present in the flash. 
Magnesia did not develop any lino at all ; merely augmented the 
continuous spectrum. 

Compounds of sodium, such as the carbonate and chloride, intro- 
duced in powder gave tho ultra-violet line betw*ccn P and Q strongly, 
frequently reversed ; but no other line except of course D. Potassium 
compounds developed, often reversed, tho pair of violet lines, and also 
tho ultra-violet pair near O, but no others. 

A strip of silver developed two ultra-violet lines, ono on either 
side of P ; but wo could not detect in tho flash the well-known green 
lines of that metal. When powder of silver oxalate was introduced, 
the yollowish-green lino (w.l. 6464) was seen at tho first exj>losion 
but not afterwards. As silver oxalate is itself an explosive compound, 
decomposing with an evolution of boat, it is reasonable to ascribe the 
appearance of this line at the first explosion to tho extra tomporaturo 
so engendered. 


HS- Vol 3 Q 



LIBRARY OF SCIENCE 


446 

Strips of copper, electroplated with nickel, brought out almost 
all the strong nickel lines in the ultra-violet between K and Q ; 25 
were photographed. When nickel oxalate was put in so as to give a 
powder of metallic nickel after the first explosion, the same lines 
were developed, and three additional lines in the ultra-violet. Only- 
one line was seen in the visible part of the 62 )ectrum, and that was 
the yellowish-green line (w.l. 6476). 

Copper wires electroplated with cobalt gave in the flash 22 lines 
in the violet and ultra-violet, between G and P; no linos beyond 
those limits. Cobalt oxalate gave no more. 

No other metal gave anything like so many lines as iron, nickel, 
and cobalt ; and it is remarkable that almost all the lines of these 
metals developed in the flash lie in the same region between G and P. 

Wo expected that manganese would have given seveial line s in 
the flash ; but it was not so. Neither metallic manganese, nor any 
of several compounds which wo tried, gave us any lines of that metal 
except the violet triplet, and this was generally given by the iron 
tube alone, and was merely stronger for the manganese put in. Tho 
green channellings characteristic of manganese, and ascribed to tho 
oxide, were, however, well seen when metallic manganese was used. 

Chromiiun, introduced as bichromate of ammonia, which of course 
became chromium oxide at tho first flash, gave three triplets in tho 
green, the indigo, and tho ultra-violet near N rcsj^cctivcly, but no 
other lines. 

Bismuth, antimony, and arsenic gave no lines, nor did mercury 
spread over a sheet of copper lining tho tube. Several metals were 
tried as amalgams spread over such a piece of copper^ut with no 
fresh results, except in the case of thallium, which gave the green 
line strongly, the strong line between L and M, and two lines between 
N and O. 

On tho whole it does not appear that tho form in wdiich the metal 
is introduced into the tube makes much diflerencc. Tho merest 
traces of th(;se which gave lines were sufficient. Generally when a 
metal had been put into the tube, its lines continued to sliow after 
the strip or lining had been removed. Tlius, after the nickel 8tri})8 
had been taken out, and tho tube cleaned out as completely as it 
could be mechanically, tho nickel lines still came out in the flash, 
and the same was the case with other metals. 

The strongest part of the water-si)ectrum, from 8 to near R, 
generally impressed itself more or less on tho photographic plate ; 
but, with the exception of T, which was only developed once or 
twice, no lines made their appearance in the region more refrangible 
than 8 . 

Thus far the^, experiments had been made with tho gasf s at tho 
atmospheric pressure, or nearly so, before ignition. The proportions 
of hydrogen and oxygen wore nearly two to one ; but an excess of 
either gas to tho extent of one-fifth did not sensibly affect the results. 

Other explosive mixtures were tried. Carbonic oxide with 
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oxygen, and marsh-gas with oxygon, devolo 2 )cd in general the same 
lines as the hydrogen mixture, but gave a much brighter continuous 
S 2 )cctrum. Sul 2 )hurclt(‘d hydrogen, arsoniurotted hydrogen, and 
antimoniuretted liydrogen, exploded witli oxygen, also gave very 
bright continuous spectra, but no lines attributable to sulphur, 
arsenic, or antimony. 

We have also tried explosions at higher pressures ; mixtures of 
hydrogen, carbonic oxide, and marsh-gas respectively, with oxygen, 
wore compressed into the tube by a condensing syi-inge until the 
pressure reached two and a half atmospheres, and in some cases three 
and a half atmospheres. The general effect of increasing the pressure 
was to strengtlum very mucli the continuous spectrum, and also to 
intensify the bright lines, so that photogra 2 )hs could be taken with a 
smaller number of explosions. The lines i)reviously observed to be 
reversed were more strongly reversed, but no new lines which wc can 
attribute to the metals employed v\ero noticed. No iron line more 
refrangible than T showed itself in the i)hotographs. But a banded 
spectrum, of which traces had been noticed in the flash of the gases 
at lower j^ressuro, came out decidedly. Tiiis spectrum occu^iics the 
region betvir^tu V and K; it is not a regularly channelled s^iectrum, 
though probably under higher dispersion it would resolve itself into 
groups of lines like the water-spectrum. In fact it seems to us most 
probable that it is a development of the water spectrum, dependent 
on the jDrcssurc. 

It seems very remarkable that metals so little volatile as iron, 
nickel, and cobalt should dcveloj) so many lines* in the flash, while 
more volatile metals sliow few or no lines. Wo do not know that 
any lines attributed to the metals, as distinct from tlicir com 2 )ounds, 
which have been observed in the gas-flame cannot be seen also in tlie 
flash of the ex 2 doding gases, unless they be the blue lines of zinc 
which Lccoq de Boisbaudrau has seen faintly in the gas-flanie when 
zinc chloride was introduced. These are, however, so faint in the 
flame, that they might easily escape notice in the much stronger 
continuous spectrum of the flash. But iron, niektd, and cobalt show 
no lines of those metals in a gas-flame. JMitselicrlich (‘ Ann. dc Phys. 
u. Chem.’ Bd. 121, St. 3), by mixing vapour of ferric chloride with tlio 
hydrogen burnt in an oxyhydrogen-jet, obtained a number of the lines 
of iron. These form tlirce grou 2 )s — ono below D, one near E, and 
one near G. The last two grou 2 )s have a general coiTCS 2 ^ondence 
with tho lines dcvelo 2 H‘d in tho cx 2 >losiuns in the visible part of tho 
spectrum ; but exact identification is not 2 ^ossiblc with his figure. 
Of other metals ho seems also to have found the same linos in the 
oxyhydrogen-jet which we have seen in the explosions, but with 
additional lines in several cases. Thus ho found three zinc and as 
many cadmium linos, two of mercury, four of copper, and so on. 

Gouy (‘ Comptes Eendus,* Ixxxiv. 1877, p. 232) has observed in 


* For dotailod list of those lines see ‘ Proc. Roy. Soc.‘ vol. xxxvi. P 2 \ 473-5. 
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the inner green cone of a modified Bunsen humor fed with gas mixed 
with spray of iron-salts, four green linos of iron which wo did not find 
in tho fiash. Ho saw two of the bluo lines, but not the other lines 
which we have noticed. In like manner with cobalt, ho observed two 
feeble blue rays which we did not see in the explosions ; also one zinc, 
one cadmium, and one silver line which wo did not seo ; and ho did 
not notice the green copper line ^hich we always have seen in the 
explosions. In other cases he has noticed tho same lines that we 
have noticed. 

Comparing the spectrum of the explosions with that of iron wire 
burnt in a jet of coal-gas fed with oxygen, they may bo called 
identical. We find in them generally tho same lines and the same 
relative strengths of the lines. For instance, in the explosion- 
spectrum the strength of tho groups of linos on either side of M and 
the line at wave-length 3859*2 is decidedly greater ns compared 
with tho other lines than it is in the arc-spectrum of iron. It is the 
same in that of iron burnt as above mentioned. T, however, comes 
out more strongly in the last-mentioned spectrum than in tho ex- 
plosions. 

German-silver wire burnt in the coal-gas and oxygon jot gave the 
same nickel and copper lines as w^oro developed in tho cxi)losions. 
Silver wire gave in tho same jet the two silver lines near P, but no 
channelled spectrum. Spray of cobalt chloride gave also the same 
lines as in tho explosions, with a few additional ; while spray of 
manganese chloride gave tho strong manganese triplet at wave-length 
about 2800, more refrangible than anything observed in tho explo- 
sions, besides tho usual violet triplet. 

On the whole tho spectra produced by tho jot onCoal-gas and 
oxygen are very similar to those of tho explosions as far as tho 
metallic lines go ; they exhibit a few more lines, or it may be these 
are feoro easily observed. 

Of the green and blue linos of iron seen by us in explosions nine 
are registered by Watts as occurring in the flame of a Bcbscmer con- 
verter ; or at least tho lines ho gives aro so near that wo cannot 
doubt their identity. 

When we come to make a comparison with tho spectrum of the 
spark-discharge from a solution of fi rrlo chloride, tho diifcronees 
become more marked. Not only aro there many more lines in the 
spark-spectrum, but the relative intensities of thoso lines which aro 
oommon to both spark and explosion aro very different, and two of 
the iron lines seen in tho explosions appear to be absent from the 
iroark. Tho differences between tho spectrum of tho spafk taken 
from a liquid electrodo and that given by sobd olcctrodcs ha| usually 
boon attributed to tho lower temperature of tho former; but the 
absence from the former spectrum of the lino at wave-length 4132, 
and the feebleness of the line at wave-length 4143, both strong lines 
in the arc and in the explosions, as well as in tho spark between 
solid electrodes, seem to indicato that tho differences of spark-spectra 
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aro not simply due to differences of temperature. In fact we know so 
little about the mechanism, so to speak, of the changes of electric 
energy into heat, and of heat into radiation, that tlicre is no good 
reason for assuming that the energy which takes the form of radiation 
in the electric discharge through a gas must first take the form of 
the motion of translation of the particles on which temperature 
depends. The gas may, for a short time, bo intensely luminous at a 
very low temperature ; and if the impulses which give rise to the 
vibratory movements of the particles bo of dilYcrcnt characters, the 
characters of the vibrations also may differ within certain limits. 

Leaving, however, the realms of speculation, we may mention 
that we have before observed the spectrum of iron at a temperature 
intermediate between that of the oxyhydrogen-jet and that of the 
electric arc. 

Some time since (‘Proc. R. S.* xxxiv. p. 119, and ‘ Proc. Camb. 
Phil. Soc.* iv. p. 25G) wo described the spectrum proceeding from the 
interior of a carbon tube strongly heated by the electric arc playing 
on the outside. This spectrum approaches more nearly to that of the 
arc inasmuch, ns it shows all, or almost all, the iron lines given by 
the arc between P and O, and the aluminium pair between H and K ; 
but it resembles the explosion-spectrum in the relative strength of 
some of the iron lines, and in the absence of almost all iron lines 
between O and T. The iron lines seen reversed against the hot walls 
of ibe carbon-tube correspond with the strongest of the explosion- 
lines ; the strong lines near M and a little below L in the explosions 
being those most strongly reversed in the photographs of the carbon- 
tube. The greater completeness and extent of the iron spectrum, as 
well as the presence of the aluminium lines, which are entirely 
wanting in the explosion-spectrum, indicate that the temperature of 
the tube was higher than that of the explosion. That iron, nickel, 
and cobalt are volatile in some degree at the temperature of tho 
explosion appears to be proved, and makes the appearance of iron 
lines at tho very apices of solar prominences, as observed by Young, 
less astounding than it seemed to bo at first sight. The ascending 
current of gas making tho prominence may very well carry iron 
vapour with it ; or wo may not unreasonably suppose that there is 
meteoric dust containing iron everywhere in tho outer atmosphere of 
the sun, which becomes volatilised, and omits tho radiation observed, 
when it is boated up by the hot current of tho prominence. What 
the temperature of such a current may bo wo cannot well gauge, but 
it is high enough to give the hydrogen-spectrum, of which no trace 
has been observed in tho flash of tho explosions or in tho oxy-hydrogen- 
jet. Tho temperature of the explosions wo know with tolerable 
accuracy, at least when tho gases aro at atmospheric pressure to 
begin with. Bunsen (‘ Phil. Mag.* 1867, p. 41- 1 ^ found tho pressure 
of tho explosion was for hydrogen and oxygon 9*6 atmospheres, 
and for carbonio oxide and oxygon 10 * 3 atmospheres, and he 
calculated the corresponding temperatures to be 2844° and 3033°. 
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Recently published observations by Bertholot and Vicille (* Comptes 
Rondus,* xoviii. 1884, p. 648) put the pressure of explosion of 
oxygen and hydrogen at 9 • 8 atmospheres, and of carbonic oxide and 
oxygen at 10 • 1, and the corresponding temperatures 3240 ’ and 3334°. 
The pressures determined by the two observers agree closely, and the 
calculated temperatures are not very discordant. On the whole, we 
cannot be wrong in assuming the temjierature of the exploding gases 
to bo about 3000^ ; and we see that at this degree such metals as iron, 
nickel, and cobalt are vaporous, and emit many characteristic rays, 
and that by far tlio greatest part of these rays lie between narrow 
limits of r< frangibility, G and P. Even for other metals there is a 
predominauco of rays in the same part of the spectrum. The lines 
of lead, potassium, and manganese, three out of four lines of thallium, 
and two-thirds of those of chromium, observed in the explosions, fall 
within the same region. It must not bo inferred that these facts 
indicate the limit of the rate of oscillation whi(‘h can bo set up in 
consequence of an elevation of temperature to 3000°, because we know 
that the spectrum of the lime-light extends iniicli furtlicr. But it 
might bo possible to establish a sort of spectroscopic scale of tempera- 
tures if the lines which are successively developed as the temperaturo 
rises were carefully noted. Thus the appearance of the iron line T 
seems to synchronise with tempeiature of about 3000°. The lithium 
blue line is invisible in the flame of an ordinary Bunsen burner, but 
is just visible at the temperature of the inner green cone formed by 
reducing the proportion of gas to air in such a burner, while in the 
exploding gas the green line too is seen. 1 1 seems to need a tempera- 
ture above 3000 ' to get the aluminium lines at H. PrqJ^ably no lino 
is ever abruptly brouglit out at a j^articular temperature — it will 
always bo gradually developed as the temperaturo rises ; yet tho 
development may be* rapid enough to give an indication which may 
bo useful in default of means of more exact measurement. In former 
papers treating of spectroscopic problems (‘ Proc. Roy. Soc.’ vol. xxxiv. 
p. 130, and xxix. p. 489) we have more than once adverted to tho 
necessity of tho study of the spectra both of flames and of tho electric 
discharge under modified conditions of pressure. The projected ex- 
periments on tho arc in lirae-cruciblcs have not yet been carried out ; 
but the present is a first instalment of a study of flame-spectra under 
such conditions. 


[J. D.] 



Friday, April 29, 1887. 

Henry Pollock, Esq. Treasurer and Vice-President, 
in the Chair. 

Professor H. S. Hele Shaw. 

The Bolling Contact of Bodies. 

When two solid bodies roll upon each other, points in the surface of 
one successively come into contact with corresponding points in the 
surface of the other in a way which differs essentially from that which 
occurs in sliding contact, and it is the nature of this rolling-contact 
that the lecturer proposed to discuss in an experimental manner. 

In the fj^pt ]dace, it is well to understand clearly the nature of 
the relative motion of the two points which come into contact when 
the surfaces are such that no appreciable distortion of them takes 
place, and for this purpose one of the two bodies must bo at rest. 
These may res])cctively bo taken as the plane surface of the ground 
and a circular disk rolling upon it. An approximate representation 
of this motion is given by the end of the spokes of a wheel without 
its tyro. In this case it is seen that a point of the rolling body, 
when it is just coming into contact with the fixed surface, does so in 
a direction at right angles to the surface at rest, and also leaves it in 
the same direction. This action is very similar in kind to that which 
occurs with the continuous circle formed by the tyre. The path of a 
point in the rim can be drawn in a way visible to the audience by 
means of a piece of apparatus consisting of two circular glass plates 
held together by a hollow brass spindle in which slides an arm carry- 
ing a brush. The brush traces the well-known cycloid, of which the 
only portion now to be considered is that where it directly approaches 
the surface beneath. This part is perpendicular to that surface, and 
when epicycloids are drawn, by rolling the disk upon the arc of a 
circle, the same fact is brought out. 

One body may, however, not merely roll upon another, and a 
normal pressure bo exerted, but they may exert a tangential force 
upon each other. It is convenient to keep those two cases separate ; 
examples of them being respectively the wheels of a railway carriage 
and those of the locomotive which draws it along. It is to be noted 
that the object in the former case is to permit one body to move 
relatively to another without permitting slidir.j contact of their sur- 
faces, whilst, in the latter case, in addition to this, the object is to 
obtain such motion. There arc, however, many cases in which it is 
merely the motion of a body about one point which is required, such 
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as when motion is transmitted from tho edge of one rotating disk to 
another, and then this distinction still more closely holds, as tho 
normal pressure is only obtained so as to insure tho necessary tangen- 
tial resistance. Thus the objects of rolling motion may be classed as 
being — 

(1) To allow the relative motion of one body to another with 
which it is in contact without permitting relative motion of that part 
of their surfaces in actual contact. 

(2) To obiain tho relative motion of such parts of the surfaces of 
bodies as are not in contact by moans of statical contact of the parts 
which arc. 

The lecturer then proceeded to consider the practical proofs of tho 
smallness of tho resistance to rolling in cases where tho distortion of 
the surfaces in contact is very small, as illustrated by the small trac- 
tive force required for heavy bodies properly mounted on wheels or 
on roller-bearings ; mentioning the case of a 12-hor8e-power engine, 
tlie shaft of which continued to rotate for three-ipiarters of an hour 
after the motive power was withdrawn ; and another case, of a turn- 
table weighing 14 tons, whic.h was kept in motion by a weight of 
3^ pounds acting upon it by means of a cord passing over a pulley. 
Tho small distortion of such surfaces when transmitting motion 
requiring expenditure of energy to maintain, was next made clear by 
giving certain facts as to the accuracy with which ono surface was 
developed or measured out upon another. An account was given of 
experiments made with a]>paratus specially prepared by the lecturer 
to investigate this point. This apparatus consisted of two accurately 
turned brass disks properly mounted upon a frame, anc^^tho relative 
positions of these disks could be interchanged so that any minute 
differences in their peripheries could be detected. Tho experiments, 
which were very difficult to carry out accurately, showed that under 
the best circumstances, motion with an error of only 1 in 300,000 of 
tho distance passed over could bo obtained. This accurate measuring 
out of the surfaces one upon another was employed in various ways 
for purposes of measurement, and these, by means of models and 
diagrams, were briefly explained. 

Although tho foregoing facts prove that, under suitable conditions, 
distortion at tho points of contact is very small, yet some resistance 
at these points always occurs, because no bodies are perfectly hard ; 
and the nature of this distortion and consequent resistance was next 
discussed. 

The explanation of the resistance opposed by a soft surface to a 
hard body rolling upon it, as first given by Prof. Osbomo Ileynolds, 
was applied by the lecturer to account for a very romarkafcle effect 
produced in the'disk, globe, and cylinder integrator of Prof. James 
Thomson. This effect, which was the turning of tho cylinder when 
tho sphere was rolled along it in a horizontal direction, w4s repro- 
duced by means of a large model. Tho action of a soft body rolling 
upon a hard surface was next considered, with tho result of showing 
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that the same reasoning would not account for the turning of the 
cylinder in the same direction as before with the above model, and 
the lecturer then proceeded, by means of diagrams, to offer an explana- 
tion of this and other phenomena. TIjg various effects obtained with 
bodies of different relative degrees of hardness were discussed at 
length, but figures would be needed to make these points clear. 
Finally, an explanation was given of the cause of an error which 
always appeared in a certain important class of integrators caused by 
the slipping of the edge of a disk over a surface on which it rolled in 
circumstances under which it had apparently never been suspected 
that slipping did actually take place. This the lecturer had been 
enabled to discover and measure by means of a special piece of appa- 
ratus, a model of which was exhibited and the effects shown by its 
means. 

The facts and reasoning, which were given in the lecture, all 
related to the rolling contact of bodies, and the lecturer ventured to 
think that, imperfect as the treatment of the subject had been, it was 
one of such importance, not merely from the point of view of the 
practical applications he had mentioned, but in its scientific aspect, 
dealing as it tiid from a novel point of view with the nature and pro- 
perties of solid bodies, as to bo worthy of being thus brought before 
the Royal Institution. 


HS Vol 3 Q* 



Friday, January 20, 1888. 

William Huggins, Esq. D.C.L. LL.D. F.E.S. Vice-President, 
in the Chair. 

The Eight Hon. Lord Eaylkigh, M.A. D.C.L. LL.D. F.E.S. M.B.L 

PAOFSS80B OF NATURAL nilLObUl’llT, R I. 

Diffraction of Sound, 

The interest of the subject which I propose to bring before you this 
evening turns principally upon the connection or analogy between 
light and sound. It has been known for a very long time that sound 
is a vibration ; and every one here knows that light is a vibration 
also. The last piece of knowledge, however, was not arrived at so 
easily as the first; and one of the difficulties which retarded the 
acceptance of the view that light is a vibration was that in some 
respects the analogy between light and sound seemed to be less 
perfect than it should be. At the present time many of the students 
at our schools and universities can tell glibly all about it ; yet this 
difficulty is one not to be despised, for it exercised a determining 
influence over the great mind of Newton. Newton, it would seem, 
definitely rejected the wave theory of light on thejground that 
according to such a theory light would turn round tho corners of 
obstacles, and so abolish shadows, in the way that sound is generally 
supposed to do. The fact that this difficulty seemed to Newton to bo 
insuperable is, from the point of view of the advancement of science, 
very encouraging. The difficulty which stopped Newton two cen- 
turies ago is no difficulty now. It is well known that the question 
depends upon the relative wave-lengths in tho two cases. Light- 
shadows are sharp under ordinary circumstances, because tho wave- 
length of light is so small : sound-shadows are usually of a diffused 
character, because the wave-length of sound is so great. The gap 
between the two is enormous. I need hardly remind you that tho 
wave-length of C in the middle of tho musical scale is about 4 feet. 
The wave-length of tho light with which we are usually concerned, 
the Eght towards the middle of the spectrum, is about the forty- 
thousandth of an inch. The result is that an obstacle which is 
immensely large for light may be very small for sound, $nd will 
therefore behaved in a different manner. 

That light-shadows are sharp is a familiar fact, but as I cin prove 
it in a moment I will do so. We have hero light from the electric 
arc thrown on the screen ; and if I bold up my hand thus we have a 
sharp shadow at any moderate distance, which shadow can be made 
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sharper still by diminishing the source of light. Sound-shadows, as 
I have said, are not often sharp ; but I believe that they are sharper 
than is usually supposed, the reason being that when we pass into a 
sound-shadow — when, for example, we pass into the shade of a large 
obstacle, such as a building — it requires some little time to effect the 
transition, and the consequence is that we cannot make a very ready 
comparison between the intensity of the sound before we enter and its 
diminution afterwards. When the comparison is made under more 
favourable conditions, the result is often better than would have been 
expected. It is, of course, impossible to perform experiments with 
such obstacles before an audience, and the shadows which I propose 
to show you to-night are on a much smaller scale. I shall take 
advantage of the sensitiveness of a flamo such as Professor Tyndall 
has often used here — a flame sensitive to the waves produced by notes 
so exceedingly high as to bo inaudible to the human ear. In fact, 
all the sounds with which I. shall deal to-night will be inaudible to 
the audience. I hope that no quibbler will object that they are there- 
fore not sounds : they are in every respect analogous to the vibrations 
which produce the ordinary sensations of hearing. 

I will, no^ start the sensitive flame. We must adjust it to a 
reasonable degree of sensitiveness. I need scarcely explain the 
mechanism of those flames, which you know are fed from a special 
gasholder supplying gas at a high pressure. When the pressure is 
too high, the flamo flares on its own account (as this one is doing 
now), independently of external sound. When the pressure is some- 
what diminished, but not too much so — when the flame “ stands on 
the brink of the precipice,” were, I think, Tyndall’s words — the 
sound pushes it over, and causes it to flare ; whereas, in the absence 
of such sound, it would remain erect and unaffected. Now, I believe, 
the flamo is flaring under the action of a very high note that I am 
producing hero. That can be tested in a moment by stopping the 
sound, and seeing whpthor the flame recovers or not. It recovers now. 
What I want to show you, however, is that the sound shadows may 
bo very sharp. I will put my hand between the flame and the source 
of sound, and you will see the difference. The flame is at present 
flaring ; if I put my liand here, the flamo recovers. When the adjust- 
ment is correct, my hand is a sufficient obstacle to throw a most 
conspicuous shadow. The flame is now in the shadow of my hand, 
and it recovers its steadiness : I move my hand up, the sound comes 
to the flame again, and it flares. When the conditions are at their 
best, a very small obstacle is sufficient to make the entire difference, 
and a sound shadow may bo thrown across several feet from an 
obstacle as small as the hand. The reason of the divergence from 
ordinary experience here met with is, that while the hand is a fairly 
large obstacle in comparison with the wave-length of the sound 1 am 
here using, it would not bo a sufficiently large obstacle in comparison 
with the wave-lengths with which we have to do in ordinary life and 
in music. 
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Everything then turns upon the question of the wave-length. 
The wave-length of the sound that 1 am using now is about half an 
inch. That is its complete length, and it corresponds to a note that 
would be very high indeed on the musical scale. The wave-length 
of middle 0 being four feet, the O one octave above that is two feet ; 
two octaves above, one foot ; three octaves above, six inches ; four 
octaves, three inches ; five octaves, one and a half inch ; six 
octaves, three-quarters of an inch ; between that and the next octave, 
that is to say, between six and seven octaves above middle C, is the 
pitch of the note that I was just now using. There is no difficulty 
in determining what the wave-length is. The method depends upon 
the properties of what are known as stationary sonorous waves as 
opposed to progressive waves. If a train of progressive waves aro 
caused to impinge upon a reflecting wall, there will bo sent back or 
reflected in the reverse direction a second set of waves, and the 
co-operation of these two sets of waves produces one sot or system of 
stationary waves, the distinction being that, whereas in the one sot 
the places of greatest condensation are continually changing and 
passing through every point, in the stationary waves there are 
definite points for the places of greatest condensation (nodes), and 
other distinct and definite (^loops) for the places of greatest motion. 
The places of greatest variation of density aro the places of no 
motion : the places of greatest motion aro places of no variation of 
density. By the operation of a reflector, such as this board, wo 
obtain a system of stationary waves, in which the nodes and loops 
occupy given positions relatively to the board. 

You will observe that as I hold the board at diflbrent distances 
behind, the flame rises and falls — 1 can hardly hold it Still enough. 
In one position the flame rises, further off it falls again ; and as 1 
move the board back the flame passes continually from the position 
of the node — the place of no motion — to the loop or place of greatest 
motion and no variation of pressure. As I move back the aspect of 
the flame changes ; and all these changes are duo to the reflection of 
the sound-waves by the reflector which I am holding. The flame 
alternately ducks and rises, its behaviour depending upon the 
different action of the nodes and loops. The nodes occur at distances 
from the reflecting wall, which aro even multiples of tho quarter 
of a wave-length; tho loops are, on the other hand, at distances 
from tho reflector which are odd multiples, bisecting therefore the 
positions between tho loops. 1 will now show you that a very slight 
body is capable of acting as a reflector. This is a screen of tissue 
paper, and the effect will be apparent when it is held behind the 
flf^e and the distances are caus^ to vary. The flame goes up and 
down, showing th^t a considerable proportion of the sonorous intensity 
incident upon the paper screen is reflected back upon the flame ; 
otherwise tho exact position of the reflector would be of no moment. 
I have here, however, a different sort of reflector. This is a glass 
plate — use glass so that those behind may see through it — and it 
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will filide upon a stand here arranged for it* When put in this 
position the flame is very little affected ; the place is what I call a 
node — a place where there is great pressure variation) but no vibra- 
tory velocity. If I move the glass back, the flame becomes vigorously 
excited ; that position is a loop. Move it back still more and the 
flame becomes fairly quiet ; but you see that as the plate travels gradu- 
ally along, the flame goes through these evolutions as it occupies in 
succession the position of a node or the position of a loop. The 
interest of this experiment for our present purpose depends upon this 
— that the distances through which the glass plato, acting as a 
reflector, must be successively moved in order to pass the flame from 
a loop to the next loop, or from a node to the consecutive node, is in 
each case half the wave length; so that by measuring the space 
through which the plato is thus withdrawn one has at once a measure- 
ment of the wave length, and consequently of the pitch of the sound, 
though one cannot hear it. ^ 

The question of whether the flame is excited at the nodes or at 
the loops, — whether at the places where the pressure varies most or 
at those whetf^ there is no variation of pressure, but considerable 
motion of air — is one of considerable interest from the point of view 
of the theory of these flames. The experiment could be made well 
enough with such a source of sound as I am now using ; but it is made 
rather better by using sounds of a lower pitch and therefore of greater 
wave-length, the discrimination being then more easy. Hero is a 
table of the distances which the screen must be from the flame in 
order to givo the maximum and the minimum effect, the minimum 
being practically nothing at all. 

Table of Maxima and Minima. 


Max. 

Min. 

1‘1 

3*0 

4*5 

5*9 

7-5 

8*9 

10-3 

11 7 

13 0 

14*7 

15*9 



The distance between successive maxima or successive minima is 
very nearly 3 (centims), and this is accordingly half the length of the 
wave. 

But there is a further question behind. Is it at the loops or is 
it at the nodes that the flame is most excited ? The table shows 
what the answer must be, because the nodes occur at distances from 
the screen which are even multiples, and the loops at distances 
which are odd multiples ; and the numbers in the table can bo 
explained in only one way — that the flame is excited at the loops 
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corresponding to the odd multiples, and remains quiescent at the 
nodes corresponding to the even multiples. This result is especiallj 
remarkable, because the ear, when substituted for the flame, behaves 
in the exactly opposite manner, being excited at the nodes and 
not at the loops. The experiment may be tried with the aid ‘of a 
tube, one end of which is placed in the ear, whilo the other is 
held close to the burner. It is then found the car is excited the 
most when the flame is excited least, and vice versa, Tho result of 
the experiment shows, moreover, that tho manner in which the flame 
is disintegrated under the action of sound is not, as might be expected, 
symmetrical in regard to the axis of tho flame. If it were symmetrical, 
it would be most affected by the symmetrical cause, namely, tho varia- 
tion of pressuro. Tho fact being that it is most excited at the loop, 
where there is the greatest vibratory velocity, shows that tho method 
of disintegration is unsymmetrical, tho velocity being a directed quan- 
tity. In that respect the theory of these flames is different from the 
theory of the water-jets investigated by Savart, which rosolvo them- 
selves into detached drops under the influence of sonorous vibration. 
The analogy fails at this point, and it has been pressed too far by 
some experimenters on the subject. Another simple j)roof of tho 
correctness of the result of our experiment is that it makes all tho 
difference which way the burner is turned in respect of tho direction 
in which tho sound-waves are impinging upon it. If tho phenomenon 
were symmetrical, it would make no differenco if tho flamo wore 
turned round upon its vertical axis. But wo find that it docs make 
a difference. This is the way in which I was using the flamo, and 
you see that it is flaring strongly. If I now turn the bwrnor round 
through a right angle, tho flamo stops flaring. I have done nothing 
more than turn the burner round and the flame with it, showing that 
the sound-waves may impinge in one direction with great effect, and 
in another direction with no effect. The sensitiveness occurs again 
when the burner is turned through another right angle ; after three 
right angles there is another place of no effect ; and after a comploto 
revolution of the flame the original sensitiveness recurs. So that if 
the flame were stationary, and the sound-waves came, say, from the 
north or south, the phenomena would be exhibited ; but if they came 
from the east or west, the flamo would make no response. 

This is of convenience in experimenting, because, by turning tho 
burner round, I make the flame almost insensitive to a sound, and I 
am now free to show the effect of any sound that may be brought to 
it in the perpendicular direction. I am going to use a vety small 
reflector — a small piece of looking-glass. Wood would do as well ; 
but looking-glas^ facilitates the adjustment, because my assis^nt, by 
seeing the reflection, will be able to tell me when I am holditg it in 
the best position. Now, the sound is being reflected from the bit of 
glass, and is causing the flame to flare, though the same sound, travel- 
ling a shorter distance and impinging in another direction, is incom- 
petent to produce the result (Fig. 1). 
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1 am now going to move the reflector to and fro along the line 
perpendicular to that joining the source and the burner, all the while 
maintaining the adjustment, so that from the position of the source of 
sound the image of the flame is seen in the centre of the mirror. 
Soon from tbo source, it is still as central as before, but it has lost its 
effect, and as 1 move it to and fro 1 produce cycles of effect and no 

Fio. 1. 


Source 



effect. What is the cause of this? The question depends upon 
something different from what I have been speaking of hitherto ; 
and the explanation is, that we are here dealing with a diflraction 
phenomenon. The mirror is a small one, and the sound-waves which 
it reflects are not big enough to act in the normal manner. We are 
really dealing with the same sort of phenomena as arise in optics when 
we use small pin-holes for the entrance of our light. It is not very 
easy to make the experiment in the present form quite simple, because 
the mirror would have to be withdrawn, all the while maintaining a 
somewhat complicated adjustment. In order to raise the question of 
diffraction in its simplest shape, we must have a direct course for the 
sound between its origin and the place of observation, and interpose 
in the path a screen perforated with such holes as we desire to try. 

The screen I propose to use is of glass. It is a practically 
perfect obstacle for such sounds as we are dealing with ; but it is 
perforated here with a hole (20 cm. diameter), rendered more evident 
to those at a distance by means of a circle of ^>aper pasted round it. 
The edge of the hole corresponds to the inner circumference of the 
paper. We shall thus be able to try the effect of different sized aper- 
tures, all the other circumstances remaining unchanged. The experi- 
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ment is rather a difficult one before an audience, because everything 
turns on getting the exact adjustment of distances relatively to the wave- 
length. At present the sound is passing through this comparatively 
large hole in the glass screen, and is producing, as you see, scarcely 
any effect upon the flame situated opposite to its centre. But if 
^Fig. 2) I diminish the size of the hole by holding this circle of zinc 
(perforated with a hole 14 cm. in diameter) in front of it, it is seen 
^at, although the hole is smaller, wo get a far greater effect. That 


Fig. 2. 



is a fundamental phenomenon in diffraction. Now I reopen the larger 
hole, and the flame becomes quiet. So that it is evident that in this 
case the sound produces a greater effect in passing through a small 
hole than in passing through a larger one. The experiment may be 
made in another way, by obstructing the central in place of the mar- 
ginal part of the aperture in the glass. When I hold this unperforated 
disc of zinc (14 cm. in diameter) centrically in front, wo get a greater 
effect than wnen the sound is allowed to pass through both parts of 
the aperture. The flame is now flaring vigorously under the action 
of the sonorous waves passing the marginal part of the aperture, 
whereas it will scarcely flare at all under the action of waves passing 
through both the marginal and the central hole. 

This is a point which 1 should like to dwell upon a little^ for it 
lies at the root orthe whole matter. The principle upon which it 
depends is one that was first formulated by Huygens, one of the 
leading names in the development of the undulatory theory of light. 
In this diagram (Fig. 3) is represented in section the different parts 
of the obstaclo. C represents the source of sound, B represents the 
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flame, and A P Q is the screen. If we choose a point P on this screen, 
so that the whole distance from B to C, reckoned through P, viz. 
B P C, exceeds the shortest distance B A C by exactly half the wave- 
length of the sound, then the circular area, whoso radius is A P, is the 
first zone. Wo take next another point, Q, so the whole distance B Q C 
exceeds the previous one by half a wave-length. Thus we got the 


Fig. 3. 



second zone represented by P Q. In like manner, by taking different 
points in succession such tliat the last distance taken exceeds the 
previous one every time by half a wave-length, we may map out the 
whole of the obstructing screen into a series of zones called Huygens’ 
zones. I have hero a material embodiment of that notion, in which 
the zones are actually cut out of a piece of zinc. It is easy to prove 
that the effects of the parts of the wave traversing the alternate zones 
are opposed, that whatever may be the effect of the first zone, A P, the 
exact opposite will be the effect of P Q, and so on. Thus, if 
A P and P Q aro lM)th allowed to operate, while all beyond Q is cut 
off, the waves will neutralise one another, and the effect will be 
immensely less than if A P or P Q operated alone. And that is what 
you saw just now. When I used the inner aperture only, a com- 
paratively loud sound acted upon the flame. When I added to that 
inner aperture the additional aperture P Q, the sound disappeared, 
showing that the effect of the latter was equal and opposite to that 
of A P, and that tho two neutralised each other. 

[If A C = < 1 , A B = h, A P = 07, wave-length = X, the value of x 
for the external radius of tho nth zone is 

= nX — , 
ao 

or, if a = 5, 

= JnXa. 
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With the apertures used above, = 49 for w = 1 ; = 100, for 

n = 2 ; BO that 

Xa = 100, 

the measurements being in centimetres. This gives the suitable 
distances, when X is known. In the present case X = 1 • 2, a = 83.] 

Closely connected with this there is another very interesting 
experiment, which can easily be tried, and which has also an im- 
portant optical analogy. 1 mean the experiment of the shadow 
thrown by a circular disc. If a very small source of light bo taken 
— such a source as would be produced by perforating a thin plate 
in the shutter of the window of a dark room with a pin and causing 
the rays of the sun to enter horizontally — and if we interpose in 
the path of the light a small circular obstacle and then observe 
the shadow thrown in the rear of that obstacle, a very remarkable 
peculiarity manifests itself. It is found that in the centre of 
the shadow of the obstacle, where the darkness might bo expected 
to be greatest, there is, on the contiary, no darkness at all, but a 
bright spot, a spot as bright as if no obstacle intervened in the 
course of the light. The history of this subject is curious. The 
fact was first observed by Delisle in the early part of the eighteenth 
century, but the observation fell into oblivion. When Fresnel 
began his important investigations, his memoir on diffraction was 
oommunicated to the French Academy and was repoi ted on by the 
great mathematician Poisson. Poisson was not favourably impressed 
by Fresners theoretical views. Like most mathematicians of the 
day, he did not take kindly to the wave theory ; and in hjg report on 
Fresners memoir, he made the objection that if the method were 
applied, as Fresnel had not then done, to investigate what should 
happen in the shadow'of a circular obstacle, it brought out this para- 
doxical result, that in the centre there would be a bright point. This 
was regarded as a reductio (id ahmrdnm of the theory. All the time, 
as 1 have mentioned, the record of Dolislo’s observations was in exist- 
ence. The remarks of Poisson were brought to the notice of Fresnel, 
the experiment was tried, and the bright point was rediscovered, to 
the gratification of Fresnel and the confirmation of his theoretical 
views. 1 don’t propose to attempt the optical experiment now^ 
but it can easily be tried in one’s own laboratory. A long room 
or passage must be darkened: a fourpenny bit may be used as 
the obstacle, strung up by three hairs attached by sealing-wax. 
When the shadow of the obstacle is received on a piece of ground 
glass, and examined from behind with a magnifying lens, tho 
bright spot will be seen without much difficulty. But what 
I propose to show you is the corresponding phenomenon in the 
case of sound. Fresnel’s reasoning is applicable, word for word, 
to the phenomena we are considering just as much as to that which 
he, or rather Poisson, had in view. Tho disc (Fig. 4), which I shall 
hang up now between the source of sound and the flame, is of glass. 
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It is about 15 inches in diameter. I believe the flame is flaring now 
from being in the bright spot. If I mako a small motion of the disc 
I shall move the bright spot and the effect will disappear. I am 
pushing the disc away now, and the flaring has stopped. The flame 

Fio. 4. 


Disc 



is still in the shadow of the disc, but not at the centre. I bring the 
disc back And when the flame comes into the centre it flares 

again vigorously. That is the phenomenon which was discovered by 
Delisle and confirmed by Arago and Fresnel, but mathematically it 
was suggested by Poisson. 

Poisson’s calculation related only to the very central point in the 
axis of the disc. More recently the theory of this experiment has been 
very thoroughly examined by a German mathematician, Lommel ; and 
I have exhibited here one of the curves given by him embodying the 
results of his calculations on the subject (Fig. 6). 

The abscisssD, measured horizontally, represent distances drawn 
outwards from the centre of the shadow O ; the ordinates measure the 
intensity of the light at the various points. The maximum intensity 
O A is at the centre. A little way outwards at B the intensity falls 
almost, but not quite, to zero. At C there is a revival of intensity, 
indicating a bright ring ; and further out there is a succession of 
subordinate fluctuations. The curve on the other side of O A would 
of course be similar. This curve corresponds to the distances and 
proportions indicated, a is the distance between the source of sound 
and the disc ; h is the distance between the disc and the flame, the 
place where the intensity is observed. The numbers given are taken 
from the notes of an experiment which went well. If we can get our 
flame to the right point of sensitiveness wo may succeed in bringing 
into view not only the central spot, but the revived sound which 
occurs after you have got away from the central point and have passed 
through the ring of silence. There is the loud central point. If I 
push the disc a little we enter the ring of silence B a little further, 
and the flame flares again, being now at C. 

* With the data given above the diameter of the silent ring is two- thirds of 
an inch. 
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Although we have thus imitated the optical experiment, I must 
not leave you under the idea that wo are working under the same 
conditions that prevail in optics. You see the diameter of my disc 
is 15 inches, and the length of my sound-wave is about half an inch. 


Pio. 5. 



My disc is therefore about 30 wave-lengths in diameter, whereas the 
diameter of a disc representing 30 wave-lengths of light would bo only 
about i-oair iiich. Still the conditions are sufficiently alike to get 
corresponding effects, and to obtain this bright point in the centre of 
the shadow conspicuously developed. 

I will now make on experiment illustrating still further the prin- 
ciple of Huygens* zones, which I have already roughly sketched. I 
indicated that the effect of contiguous zones was equal and opposite, 
so that the effect of each of the odd zones is one thing, and of the 
even zones the opposite thing. If we can succeed in so prepliring a 
screen as to fit the system of zones, allowing the one sot to pass, and 
at tbe same time intercepting the other set, then we shall get a great 
effect at the central point, because we shall have removed mose parts 
which, if they remained, would have neutralised the remaining parts. 
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Such a system has been cut out of zinc, and is now hanging before 
you. When the adjustments are correct there will be produced, under 
the action of that circular grating, an effect much greater than would 
result if the sound-waves were allowed to pass on without any obstruc- 
tion. The only point difficult of explanation is as to what happens 
when the system of zones is complete, and extends to infinity, 
viz. when there is no obstruction at all. In that case it may be 
proved that the aggregate effect of all the zones is, in ordinary 
cases, half the effect that would be produced by any one zone 
alone, whereas if we succeed in stopping out a number of the 
alternate zones, we may expect a large multiple of the effect of one 
zone. The grating is now in the right position, and you see the fiame 
fiaring strongly, under the action of the sound-waves transmitted 
through those alternate zones, the action of the other zones being 
stopped by the interposition of the zinc. But the interest of the 
experiment is principally in this, that tho fiame is fiaring than 

it would do if tho grating were removed altogether. There is now, 
without the grating, a very trivial flaring but when the grating is 
in position again — though a groat part of the sound is thereby 
stopped out* Iko effect is far more powerful than when no obstruc- 
tion intervened. The grating acts, in fact, the part of a lens. It 
concentrates the sound upon tho fiame, and so produces the iuteuso 
magnification of effect which we have seen. 

[The exterior radius of the »th zone being x, wo have, from the 
formula given above : 

11 _ n\ 

a h “ 


so that if a and h be the distances of the source and imago from tho 
grating, the relation required to maintain tlio focus is as usual. 



1 




where /, the focal length is given by : 



In the actual grating, eight zones (the first, third, fifth, &c.) arc 
occupied by metal. Tho radius of the first zone, or central circle, is 
3 inches, so that a;^/w = 9. The focal length is necessarily a func- 
tion of In tho present case A = ^ inch nearly, and therefore 
/ = 18 inches. If a and h are the same, each must be made equal to 
36 inches.] 

[Rayleigh.] 


• Under tho best conditions the flame is absolutely unaffected. 



Friday, April 27, 1888. 

William ITuggins, Esq. D.C.L. LL.D. F.R.S. Vicc-Prosident, 
in the Chair. 

James WiMsnunsT, Esq. M,E I. 

Electrical Influence Machines, 

I HAVE the honour this evening of addressing a few remarks to you upon 
the subject of influence machines, and the manner in wliicli I propose 
to treat the subject is to state as shortly as possible, first, the histori- 
cal portion, and afterwards to point out the prominent characteristics 
of the later and more commonly known machines. The diagrams 
upon the screen will assist the eye to the general form of the typical 
machines, but I fear that want of time will prevent mo from explaining 
each of them. 

In 1762 Wilcke described a simple apparatus which produced 
electrical charges by influence, or induction, and following this the 
great Italian scientist, Alexander Volta, in 1775 gave the electro- 
phorus the form which it retains to the present day. This apparatus 
may be viewed as containing the germ of the principle of all influence 
machines yet constructed. 

Another step in the development was the invention oT the doubler 
by Bennot in 1786. He constructed meUl plates which were thickly 
varnished, and were shpported by insulating handles, and whicli wore 
manipulated so as to increase a small initial chargci It may bo 
better for me to here explain the process of building up an increased 
charge by electrical influence, for the same principle holds in all of 
the many forms of influence machines. 

This Volta electrophorus, and these throe blackboards, will serve 
for the purpose. I first excite the electrophorus in the usual manner, 
and you see that it then influences a charge in its top plate ; tho 
charge in the resinous compound is known as negative, while tho 
charge induced in its top plate is known as positive. I now show you 
by this electroscope that these charges are unlike in charactor. Both 
charges are, however, small, and Bennet used the following system to 
increase them. 

Let these three boards represent Bonnet’s three plates. To plate 
No. 1 he imparted a positive charge, and with it ho induced a bogativo 
charge in plate No. 2. Then with plate No. 2 ho induced a positive 
charge in plate No. 3. He then placed the plates Nbs. 1 and 3 
together, by which combination he had two positive chargee within 
practically the same space, and with those two charges he induced a 
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double charge in plate No. 2. This process was continued until the 
desired degree of increase was obtained. I will not go through the 
process of actually building up a charge by such means, for it would 
take more time than 1 can spare. 

In 1787 Carvallo discovered the very important fact, that metal 
plates when insulated, always acquire slight charges of cdectricity ; 
following up those two imi)ortant discoveries of Bennet and Carvallo, 
Nicholson in 1788 constructed an apparatus, having two discs of metal 
insulated and fixed in the same plane. Then by means of a spindle 
and handle, a third disc, also insulated, was made to revolve near to 
the two fixed discs, metallic touches being fixed in suitable positions. 
"With this apparatus he found tliat small residual cliarges might 
readily be increased. It is in this sim 2 )lo a 2 )paratus that wo have the 
parent of influence machines (Diagram 1), and as it is now a hundred 
years since Nicholson described this machine in the Phil. Trans., I 
think it well worth showing a large sized Nicholson machine at work 
to-night. 

Ill 1823 lionalds described a machine in which the moving disc was 
atta(*hod to and worked by the pendulum of a clock. It was a modi- 
fication of N’ichuibun’s doubler, and he used it to supply electricity for 
tolegraiih working. For some years after these machines wore 
invented no important advance ajipears to have been made, and I think 
tliis may be attributed to the great discoveries in galvanic electricity 
whi(jh wore made about the commencement of this century by Galvani 
and Volta, followed in 1831 to 1857 by tlio magnificent discoveries of 
Faraday in electro-magnetism, electro-clieinistry, and electro- 02 >tics, 
and no real imiirovement was made in influence machines till 18G0, 
in which year Varley patented a form of machine shown in Diagram 2. 
It also was designed for telegraph working. 

In 1865 the subject was taken up with vigour in Germany by 
Toepler, Holtz, and other eminent men. The most prominent of the 
machines made by them are figured in the Diagrams 3 to C, but time 
will not admit of my giving an exjdanation ot the many points of 
interest in them ; it being luy wish to show" you at work such of the 
machines as 1 may be able, and to mako some observations upon 
thorn. 

In 18GG Bcrtsch invented a machine, but not of the multiplying 
tyjie ; and in 18G7 Sir William Thomson invented the form of 
machine shown in Diagram 7, which, for the purpose of maintaining 
a constant iiotential in a Leyden jar, is exceedingly useful. 

Tile Carre macliino was invented in 18G8, and in 1880 the Voss 
machine was introduced, since which time the latter has found a place 
in many laboratories. It closely resembles the Varley machine in 
a^qiearance, and the Tocplor machine in construction. 

In condensing this jiart of my subject, I have had to omit many 
prominent names and much interesting subject matter, but I must 
state that in placing what 1 have before you, many of my scientific 
friends have been ready to hclji and to contribute, and, as an instance 
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of this, I may mention that Professor Sylvanus P. Thompson at once 
placed all his literature and even his private notes of reference at my 
service. 

1 will now endeavour to point out the more prominent features of 
the influence machines which I have present, and, in doing so, I must 
ask a moment’s leave from the subject of my lecture to show you a 
small machine made by that eminent worker, Faraday, which, apart 
from its value as his handiwork, so closely brings us face to faco with 
the imperfect apparatus with which he and others of his day made 
their valuable researches. 

The next machine which I take is a Holtz. It has one plate 
revolving, the second plato being flxed. The fixed plate, as you see, 
is so much cut away, that it is very liable to breakage. Paper in- 
ductors are fixed upon the back of it, while opposite the inductors, 
and in front of the revolving plate, are combs. To work the machine 
(1) a specially dry atmosphere is required ; (2) an initial charge is 
necessary ; (3) when at work the amount of electricity passing 
through the terminals is great ; (4) the direction of the current is 
apt to reverse ; (5) when the terminals are opened beyond the 
sparking distance the excitement rapidly dies away ; (6) it does not 
part with free electricity from either of the terminals singly. 

It has no metal on the revolving plates, nor any metal contacts ; 
the electricity is collected by combs which take the place of brushes, 
and it is the break in the connection of this circuit which supplies a 
current for external use. On this point I cannot do better than quote 
an extract from page 339 of Sir William Thomson’s Papers on 
Electrostatics and Magnethm, which runs : “ Holtz’s now celebrated 
electric machine, which is closely analogous in principle to Varley’s 
of 1860, is, I believe, a descendant of Micholson’s. Its great power 
depends upon tho abolition by Holtz of metallic carriers and metallic 
makc-and-break contacts. It differs from Varley’s and mine by 
leaving the inductors to themselves, and using the current in tho 
connecting arc.” 

In respect to the second form of Holtz machine (Fig 4) I have 
very little information, for since it was brought to my notice nearly 
SIX years ago I havo not been able to find either one of the machines 
or any person who had seen one. As will be seen by the diagram it 
has two discs revolving in opposite directions, it has no metal sectors 
and no metal contacts. The “ connecting arc circuit ” is used for tho 
terminal circuit. Altogether I can very well understand and fully 
appreciate the statement made by Professor Holtz in ‘ Upj)enhorn s 
JoumaV of May 1881, wherein he writes “that for tho pi|rpose of 
demonstration I would rather be without such machines.” 

The first type of Holtz machine has now in many instances been 
made up in multiple form, within suitably constructed glass cases, 
but when so made up great difficulty has been found in keeping each 
of the many plates to a like excitement. When differently excited 
the one set of plates furnished positive electricity to the comb, while 
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tho next set of plates gave negative electricity — as a consequence no 
electricity passed the terminals. 

To overcome this objection, to dispense with the dangerously cut 
plates, and also to better neutralise the revolving plate, throughout 
its whole diameter, I made a large machine having twelve discs 2 feet 
7 inches in diameter, and in it I inserted plain rectangular slips of 
glass between the discs, which might readily be removed ; these slips 
carrie<l the paper inductors. To keep all the paper inductors on one 
side of tlie machine to a like excitement, I connected them together 
by a metal wire. The machine so made worked splendidly, and your 
late secretary, Mr. Spottiswoode, sent on two occasions to take note 
of my successful modifications. Tho machine is now ten yeara old, 
but still works splendidly. 1 will show you a smaller sized one at 
work. 

The next machine on which I make observations, is the Carr^. 
It consists essentially of a disc of glass which is free to revolve with- 
out touch or friction. At one end of a diameter it moves near to the 
excited plate of a frictional machine, while at the opposite end of the 
diameter is a, atrip of insulating material, opposite which, and also 
opposite the excited amalgam plate, arc combs for conducting the 
induced charges, and to which tho terminals are metallically 
connected ; tho machine w'orks well in ordinary atmosphere, and 
certainly is in many ways to bo preferred to the simple frictional 
machine. In my experiments with it I found that the quantity of 
electricity might bo more than doubled by adding a segment of glass 
between tho amalgam cushions and the revolving plate. The current 
in this typo of machine is constant. 

'^rho Voss machine has one fixed plate and one revolving plate. 
Upon tho fixed plate are two inductors, while on tho revolving plate 
are six circular carriers. Two brushes receive the first portions of 
the induced charges from the carriers, which portions are conveyed 
to the inductors. Tho combs collect tho remaining portion of the 
induced charge for use as an outer circuit, while the metal rod with 
its two brushes neutralises the jdate surface in a lino of its diagonal 
diameter. When at work it supplies a considerable amount of 
electricity. It is solf-exciting in ordinary dry atmosphere. It freely 
parts with its electricity from cither terminal, but when so used the 
current frequently changes its direction, hence there is no certainty 
that a full charge has been obtained, nor whether the charge is of 
positive or negative electricity. 

I next come to tho type of machine with which I am more closely 
associated, and I may preface my remarks by adding that the in- 
vention sprang solely from my experience gained by constantly using 
and experimenting with tho many electrical machines which I 
possessed. It was from these I formed a working hypothesis which 
led mo to make tlio small niachiuo now before you. The machine is 
unaltered. It excited itself when new with the first revolution. It 
so fully satisfied mo with its performance that 1 had four others 
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made, the first of which 1 presented to this Institution. Its con-^ 
struction is of the simplest character. The two discs of glass lovol ye 
near to each other, and in opposite directions. Each disc carries 
metallic sectors ; each disc has its two bruslies supported by metal 
rods, the rods to the two plates forming an angle of with each 
other. The external circuit is independent of the brushes, and is 
formed by the combs and terminals. 

The machine is self-exciting under all conditions of atmosphere, 
owing probably to oacli plate being influenced by, and influencing in 
turn its neighbour, hence there is the minimiun surface for leakage. 
When excited the direction of the current never changes ; this cir- 
cumstance is due probably to the circuit of the metallic sectors and 
the make-and-break contacts always being closed, while the combs and 
the external circuit are supidomental, and for external use only. Tho 
quantity of electricity is very large and the potential high. When 
suitably arranged the length of spark produced is equal to nearly 
the radius of the disc. I have made them from 2 inches to 7 feet in 
diameter, with equally satisfactory results. The Diagiain No. 9 
shows the distribution of the electricity upon tho plate surfaces, 
when the machine is fully excited. Tho inner circle of signs corre- 
sponds with tho electricity upon tho front surface of tho disc. ^Dio 
two circles of signs between the two black rings refer to tho electri- 
city between tho discs, while the outer circle of signs corresponds 
with tho electricity upon the outer surface of the back disc. Tho 
diagram is tho result of experiments which I cannot very well repeat 
here this evening, but in support of the distribution shown on tho 
diagram I will show you two discs at work mado qf a flexible 
material, which when driven in one direction, close together at tho 
top and bottom, while in tho horizontal diameter they arc repelled. 
When driven in tho reverse direction tho opposite action takes place. 

I have also experimented with the cylindrical form of tho 
machine ; the first of those I mado in 1882, and it is b<“fore you. 
The cylinder gives inferior results to tho simple discs, and is more 
complicated to adjust. You notice I neither use nor recommend vul- 
canite, and it is perhaps well to caution ray hearers against the use 
of that material for the purpose, for it warps with age, and when loft 
in the daylight it changes and becomes useless. 

1 have now only to speak of these larger machines. They are in 
all respects made up with the same plates, sectors, and brushes as 
were used by me in the first experimental machines, but for conve- 
nience sake they are fitted in numbers within a glass case. 

This machine has eight plates of 2 feet 4 inches diameter ; it has 
been in tho possession of the Institution for about three yearft. 

This large oMichino, which has been made for this lecture, has 
twelve discs, each 2 feet 6 inches in diameter. Tho length 6f spark 
from it is 13 ^ inches. 

During the construction of the inaeldno every oaro was taken to 
avoid electrical excitement in any of its parts, and after its completion 
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several friends were present to witness the fitting of the brushes and 
the first start. When all was ready the terminals wore connected to 
an electroscope, and the handle was moved so slowly that it occupied 
tliirty seconds in moving one-half revolution, and at that point violent 
excitement appeared. 

The machine has now been standing with its handle secured for 
about eight hours ; no excitement is apparent, but still it may not bo 
absolutely inert ; of this each one present must judge, but I will con- 
nect it with this electroscope, and then move the handle slowly, so 
that you may see when the excitement commences and judge of its 
absolutely reliable behaviour as an instrument for public demonstra- 
tion. I may say that I Lave never under any condition found this 
typo of macliino to fail in its performance. 

I now propose to show you the beautiful appearances of the dis- 
charge, then the length of 6i)arks, which appear to be almost con- 
tinuous, and then in order that you may judge of the relatiTO capa- 
bilities of each of these three machines, wo will work them all at 
the same time. 

The large frictional machine which is in use for this comparison 
belongs to this Institution. It was made for Napoleon in 1822, and 
its great power is so well known to you that a better standard could 
not be desired. 

These five Leyden jars are of equal size ; I will connect one of 
them only to the large frictional machine', while I connect two jars 
t<» each of the two large machines of the influence typo. The 
difierence in power of the machines is then seen to be very marked. 
The exhibition may be considered as a miniature thunderstorm with 
almost no intermission between the lightning flashes. 

In conclusion I may bo permitted to say that it is fortunate I had 
not read the opinions of Sir William Tliomson and Professor Holtz, 
as quoted in the earlier part of my lecture, previous to my own prac- 
tical oxpcTimcnts. For had I read such opinions from such authorities 
I should probably have accepted them without putting them to prac- 
tical test. As the matter stands I have done those things which they 
said I ought not to have done, and I have left undone those things 
which they said I ought to have done, and by so doing I think you 
must freely admit, that I have produced an electric generating 
machine of great power, and have placed in the hands of the physicist, 
for the purposes of public demonstration, or original research, an 
instrument more reliable than anything hitherto produced. 


[J. W.] 



Friday, June 8, 1888. 

Sib Frederick Bramwell, D.C.L. F.R.S. Honorary Secretary and 
Vice-President, in the Chair. 

Profesbob Dewar, M.A. F.K.S. M.B.L 
Phoaphoreacence and Ozone, 

In spcctro6C4)pic observations the experimenter is often much puzzled 
by the phenomena presented in high vacua, and the perplexity is 
largely duo to the fact that we are unacquainted witli the chemical 
cliangcs which take place under such conditions. Special apparatus 
has to be devised for the purpose of attempting to solve some of those 
questions. Friction, heat, light, and electricity, will stimulate certain 
bodies, and cause them to become phosphorescent, and cooling tho 
body may prevent tho continuance of tho luminosity. Again, by 
cooling the centre of a plate which has been coated with sulphido of 
calcium, light will make it phosphorescent everywhere but in the place 
it has been Ci>olo<l. Heat increases the luminosity at first, but it after- 
wards dies out more quickly than where the plate has not boon 
heated, 

Geissler was the first to discover that phosphorescence is sometimes 
set up in residual gases in vacuum tubes. This was illustrated by 
sending a discharge through a scries of vacuum bulbs, in which tho 
traces of gas remained luminous for about five seconds after the dis- 
charge had ceased ; w'hcn one of tho bulbs was heated, on passing tho 
discharge once more, that bulb alone remained dark. Becqucrcl and 
others investigated these phenomena ; some of tho inquirers came to 
the conclusion that they were produced only by oxygen compounds ; 
others thought them to be duo to some drying agent used in tho 
construction of tho bulbs. 

Ozone is a very unstable body, which cannot be kept unless 
produced at a low temperature; its boiling-point is about —100^ C., 
and at this temperature it is a blue liquid which exhibits high 
absorbent powers in the luminous part of the spectrum. At low 
temperatures substances may be dissolved in it, with which it exploiles 
at high temjKiratures ; bisulphide of carbon is one of these substances. 
On a former occasion I have shown that at — 160° 0. phosphorus does 
not combine with liquid oxygen, neither docs sodium nor potassium, m 
that tho absence of chemical combination between ozone and oi^idisablo 
substances is another proof of tho negation of chemical combination 
at low temperatufbs. Smell is one of the most delicate tests of tho 
presence of ozone, but inapplicable in the instance of the contents 
of a vacuum tube ; tho investigator has then to resort to chemical 
means and the study of tho absorption spectra. In making ozone 
from oxygon, low pressures and the presence of moisture favour the 
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action, and that such conditions should favour chomical changes is 
contrary to what might have been expected. 

In order to carry out the following experiments a good and 
powerful air-pump is required, and the Institution is fortunate in 
possessing a specially constructed instrument generously presented 
by the inventor, William Anderson, Esq. M.l.C.E. Director-General 
of Ordnance Factories. 



The more essential part of the apparatus is represented in 
Fig. 1. Common air is first dried and purified by passing through 
one vessel containing calcium chloride, and another containing caustic 
potash ; the latter absorbs the carbonic acid. The air is next filtered 
by passage through a U-tubo filled witli cotton \noo1, after which it 
enters through a carefully adjusted small tap, the two-bulbed vacuum 
tube represented in the cut. The narrow channel between the bulbs 
is necessary; the glow is concentrated thereby, and this seems to 
have something to do with the effects obtained. It makes no dif- 
ference whether platinum, charcoal, or aluminium poles bo used 
inside the vacuum tube. The lower part of the tube opens into a tall 
glass vessel, connected below with the exhaust pump and a mercurial 
pressure gauge. 

When the current of highly attenuated air blows downwards 
througli the vacuum tube (which is surrounded by a box to prevent 
any light being .seen from tlie tloctrical discharge) a luminous glow, 
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about two feet in length, resembling to the eye the tail of a comet, 
appeurs in the large glass vessel below. This phosphorescent glow 
is connected in some way with ozone, as it occurs only with oxygen 
compounds; impure air is fatal to success in the experiments, 
the glow being very sensitive to traces of organic matter, especially 
to the vapour of essential oils and substances which have a smell. 
Hydrogen extinguishes the light ; pure oxygen increases it, and 
makes the glow shorter, with a tendency to break up at the lower 
end ; carbonic acid gives a glow not so bright as air, and ozone 
is produced from its decomposition. Nitrous oxide gives a very 
bright brush. The phosphorescence disappears at once when a 
pocket-handkerchief containing any odoriferous matter is brought 
near the air inlet, and afterwards much time is lost in getting the 
apparatus to work as before. It is no easy matter to get the brushes 
back again ; this was first found out accidentally — for days and 
weeks they had been puzzled iu the laboratory to understand why one 
tube worked better than another. Bisulphide of carbon is an organic 
body, and is the only one, so far discovered, which allows tho glow 
to be obtained in its presence. That these downward luminous 
brushes contain ozone is proved by means of tho iodide of potassium 
starch test (and others), which darken in the brushes, but are not 
acted upon when placed outside them near the inner sides of tho 
lower glass vessel. By suddenly altering the rate of oxygen supply 
passing through the vacuum tube most beautiful effects of apparent 
explosions of phosphorescent glows can be produced. It is re- 
markable that the rate of oxygen or air supply can bo so regulated 
that the luminous emission seems to come from a stcj\^ current of 
gas passing down the middle of the tube, of almost uniform diameter, 
and blending very little with the surrounding space. 

It is usually supposed that ozone is destroyed by heat, and can 
only be produced at a low temperature, yet in tho'so vacuum tubes it 
is produced at a white heat. The piece of apparatus represented in 
Fig. 2 enables the chemist to demonstrate that ozone can be con- 
tinuously produced by heating pure oxygen to a temperature of 
about 1600'^ C. The apparatus consists of a glass tube bent at its 
lower end, and passing up tho centre of a tube of platinum ; a little 
hole in the latter is placed just above the top orifice of tho glass tube. 
The upper part of the apparatus is covered with an outer tubo of 
platinum, which at the top very nearly touches the inner one. In 
action a regulated current of water flows up tho inner platinum tube, 
then passes down the central glass tube, which is made longer than 
the platinum tube ; consequently it sucks in and carries down air, 
which it draws through the little hole in the top of the inner platinum 
tube. The top ef the outer tube is then raised to near the melting- 
point of platinum, by means of an oxyhydrogen flame, and the oxygen 
beneath raised to this temperature is suddenly withdrawn atid cooled 
by the water current, and carried down to a collecting vessel for 
examination. When tested, it is found to contain ozone ; hence ozone 
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has two centres of stability, and one of them is at about the melting- 
point of platinum. In this experiment ozone is formed by the action 
of a high temperature, owing to the dissociation of the oxygen 
molecules and their partial recombination into tlio more complex 


Fig. 2. 



Ozone Apparatub. 


molecules of ozone. We may conceive it not improbable that some 
of the elementary bodies might bo formed somewhat like the ozone 
in the whole experiment, but at very high temperatures, by the col- 
location of certain dissociated constituents and with the simultaneous 
absorption of heat. 


[J.D.] 


Friday, February 8, 1889. 

SiE Fredkuick Beamwbll, Bart. D.C.L. F.R.S. Honorary Secretaiy 
and Vice-President, in the Chair. 

Sir William Thomson, D.C.L. LL.D. F.R.S. M,E,L 
Electrostatic Measurement. 

A FUNDAMENTAL requisite of a measuring instrument is that its 
application to make a measurement shall not alter the magnitude 
of the thing measured. When this condition is not fulfilled (as is 
essentially the case with an electric measuring instrument not kept 
permanently in or on the electric circuit or system to which it is 
applied), it is the magnitude as influenced or modified by the mea- 
suring instrument which is actually measured, and the measurement 
is to bo interpreted on this understanding, whatever may bo the 
circumstances. 

The nearest approach in electric measuring instruments to the 
fulfilment of this condition, of not altering the magnitude of the 
thing mea^sured, is attained by the elec troine tor when applied to 
measure difterences of potential between different points of a wire, or 
metallic mass of any shape, in which electricity is kept flowing by a 
battery or dynamo or other electromotive apparatus. ^J^e insulation 
of any pi*actical electrometer is so nearly perfect lhat the conduction 
of electric ty through the instrument does not sensibly diminish the 
diflerence of potentials of the points touched by the electrodes, and 
the consumptitm of energy is therefore iiractically nil. In this respect, 
therefore, the quadiant electrometer would be ideally perfect: but it 
is only available for potentials of a few volts, and in its most si'iisitive 
adjustment indicates about of a volt. The lecturer has therefore 
designed for ordinary use in connection with ehictric lighting and the 
other practical applications of electric ♦ nergy, a series of instruments 
w'hich will mcasuic by electrostatic force potentials of from 40 volts 
to 50,000 volts. The construction of the various types of this senes 
was fully explained. 

The standardisation of these instruments up to 200 or 800 volts 
is made exceedingly easy, by aid of his centiamperc balinco and 
continuous rheostat, with a voltaic battery of any kind, primary or 
secondary, capable of giving a fairly steady current of of a|i ampere 
through it and the platinoid resistance in series with it. The accuracy 
of the electro-magnet ic standardisation, within the range of ttio direct 
application of this method, is quite within per cent. A method 
of multiplication by aid of coiidoi.sors, which was explained, gives an 
accuracy quite within J per cent, for the measurement in volts up to 
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2000 or 3000 volts ; and with not much less accuracy, by aid of an 
intermediate electrometer, up to 50,000 volts. 

lie also explained, and illustrated by a drawing, an absolute elec- 
trometer which ho had constructed for the purpose of measuring “ i?,” 
the number of electrostatic units of potential or electromotive force 
in the clcctro-magrietic unit of potential. Tliis number “ v ” is 
csbontially a vcdocity, and experiments have proved it to be so nearly 
equal to the velocity of light that from all the direct observations 
hitherto made we cannot toll whether it is a little greater than, or a 
little less than, or absolutely equal to, the velucity of light. 

The determination was made by comparing the electro-magnetic 
with the electrostatic value, in O. (L S. units, as given by the balance, 
for a potential of 10,000 volts : but hitherto ho has not been able to 
make sure of the absolute accuracy of the electrostatic balance to 
closer than ^ i)cr cent. 

The results of a great number of measurements which Had been 
made in»the Physical Liaboratory of the University of Glasgow during 
the previous two months gave the required number, “ v/' uithin I per 
cent, of 300,000 kilometres per second ; the velocity of light is 
known to bo 'within -} per cent, of 300,000 kilometres per second, 
llosnlts of previous (ibservers for determining “ v ** had almost 
absolutely proved at least as close an agreement witli the 300,000,000 
metres, lie expressed his obligations to his assistants and students 
in the Physical Laboratory of Glasgow^ University, Messrs. Meikle, 
Shields, Sutherland, and Carver, who worked with the greatest 
perseverance and accuracy, in the laborious and oftc n irksome 
observations by which he had attempted to determine “ r by the 
direct electrometer motho<l, as exactly as, or more exactly than, it has 
been determined by other observers and other methods. 

Note added March 11/7/, 1889. 

The measurement of “ v ” by Sir William Thomson and Profs. 
Ayrton and Perry, communicated to the Hritish Associatii>n at Bath, 
was too small (292) on account of the accidt iital oinissnui of a 
correction regarding the effective area of the attracted disk in the 
absolute electrometer. When this correction is applied their result is 
brought up to 298, wdiich exactly agrees with Profs. Ayrton and 
Perry's previous determination by another metho^l, in Japan. Prof. 
J. J. Thomson’s result is 29G’3. It is understood that Howland has 
found 299. The result of Sir William Thomson’s latest observatituis, 
founded wholly on the comparison of electrometric and electro- 
magnetic determinations of iK)tential in absolute measure, is 30-1 
legal ohms, or 30*04 Rayleigh ohms. Assuming, as is now highly 
probable, that the Rayleigh ohm is considerably nearer than the legal 
ohm to tlie true ohm, the result for “ v ” is 300,400,000 metres per 
second. Sir William does not consider that this result can be trusted 
as demonstrating the truth witliin per cent. 
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Friday, February 15, 1889. 

William Crookks, Esq. F.R.S. Vice-President, in the Chair. 
Profkssor a. W. Pucker, M.A. F.E.S. M.R.L 
Electrical Stress. 

The subject of the discourse was brought before the UKunbers of the 
lioyal Institution some years ago by Mr. Gordon. In tlic interval a 
considerable amount of work has been done upon it, both in England 
and Germany, and many experiments have been devised to illustrate 
it. Some of the more striking of these, though of gr(*at interest to 
the student, are rarely or never shown in courses of experimental 
lectures. The lecturer and Mr. C. V. Boys, F.R.S., last year devised 
a set of apparatus whicli has made the optical demonstration of 
electrical stress comparatively easy, and most of the results obtained 
by Kerr and Quincke can now be demonstrated to audiences of a 
considerable size. Before discussing this portion of his subject the 
lecturer introduced it by an explanation of principles on which the 
experiments are founded. 

Magnetic lines of force can easily bo mapped out by iron filings, 
but tlie exhibition of electrical lines of force in a liquid is a more 
complex matter. In the first place, if two oppositely electrified 
bodies are introduced into a liquid which is a fairly good non- 
conductor, convective conduction is set up. Streams of electrified 
liquid pass from the one to the other. Tlie highly refracting liquid 
phenyl thiocarbamidc appears to be specially suitable for cxjieriinents 
on this subject. If an eh*ctrified jioint is brought over the surface a 
dimple is formed which becomes deeper as the point approaches it. 
At the instant at which the needle touches the liipiid the dimple dis- 
appears, but a bubble of air from the lower end frequently remains 
imprisoned in the vortex caused by the downward rush of the 
electrified liquid from the point. It oscillates a short distance 
below the point, and indicates clearly the rapid motions which are 
produced in the fluid in its neighbourhood. When the needle is 
withdrawn a small column of liquid adheres to it. This eliect is, 
however, seen to greater advantage if a sphere about 5, mm. in 
diameter is used instead of the needle-point. When thiais with- 
drawn a column of liquid about 5 mm. high and 2 mm. in diameter 
is formed between the sphere and the surface. A similat* experi- 
ment was made by Faraday on a mucli larger scale witli oil of 
turpentine, and he detected the existence of currents whicli are in 
accord with the view that the unelectrified liquid flows up the exterior 
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of the cylinder, becomes electrified by contact, and is repelled down 
its axis. In view of this explanation, and the movements assumed 
can bo clearly seen in the phenyl thiocarbamide, the performance of 
the experiment on a small scale is not without interest. The possi- 
bility of the formation of such violent up-and-down currents in so 
small a space must depend upon a very nice adjustment between the 
properties of the liquid and the forces in play. It is also obvious that 
such movements of the liquid must bo a disturbing element in any 
attempt to make the lines of electric force visible. 

Again, if a solid powder be suspended in a liquid into which 
electrified solids are introduced, it tends to accumulate round one of 
the polos. This subject has been investigated by W. Holtz. Some- 
times the powder appears to move in a direction opposed to that in 
which the liquid is streaming. Sometimes two powders will travel 
towards different poles. 

If powdered antimony sulphide bo placed in ether, it settles at the 
bottom of the liquid, and if either two wires insulated with glass up 
to their points, or two vortical plates bo used as electrodes, and 
slightly eleejtrified, the solid particles arrange themselves along 
the lines oi force. If the electrification be increased, they cluster 
round the positive polo. On suddenly reversing the electrification 
by means of a commutator, they stream along lines of force to the 
pole from which they were previously rep(dled. Other methods of 
obtaining the linos of force have been devised. They can, for instance, 
be shown by crystals of sulphate of quinine immersed in turpentine. 

The tendency of the linos of force to separate one from the other 
was illustrated by Quincke’s experiment. A bubble of air is formed 
in bisulphide of carbon between two horizontal plates. It is in connec- 
tion with a small manometer, and when the plates are oppositely 
excited, the electrical pressure acting at right angles to the lines of 
force, being greater in the liquid than in air, compels the bubble to 
contract and depresses the manometer. 

Kerr’s experiments depend upon the fact that, since the electrical 
stress is a tension along the lines of force, and a pressure at right 
angles to them, a substance in which such a stress is produced assumes 
a semicrystalline condition in the sense that its properties along, and 
perpendicular to, the lines of force are different. Light is therefore 
transmitted with different velocities according as the direction of 
vibration coincides with, or is perpendicular to, these lines ; and the 
familiar phenomena of the passage of polarised light through crystals 
may be imitated by an electrically stressed liquid. 

The bisulphide of carbon used must be dry, and, to make the 
phenomena clearly visible, it is necessary that the light should travel 
through a considerable thickness. Thus, to represent the stress 
between two spheres, elongated parallel cylinders should be used, the 
axes of which are parallel to the course of the rays of light. These 
appear on the screen as two dark circles. Between crossed Nicols, 
tho pianos of polarisation of which are inclined at 45^ to the hori- 
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zontal, the field is dark until the cylinders are electrified, when light 
is restored in the space between them. 

If parallel plates with carefully rounded edges, and about 2 milli- 
metres apart, are used, the colours of Newton’s rings appear in turn, 
the red of the third order being sometimes reached. If one plate is 
convex towards the other, the colours of the higher orders appear in 
the middle, and travel outwards as the stress is increased. The 
experiments may bo varied by using two concentric cylinders, or two 
sheets of metal bent twice at right angles to represent a section 
through a Leyden jar. In the first case a block cross is formed ; and 
in the second, black brushes unite the lower angles of the images of 
the edges of the plates. By the interposition of a piece of selenite, 
which shows the blue of the second order, two of the quadrants con- 
tained between the arms of the cross become green, and the others 
red. In b'ke manner the horizontal and vertical spaces between the 
inner and outer coatings of the ‘‘jar” become differently coloured. 

There are several phenomena connected with the stress in insu- 
lators which present considerable difficulties. Thus it is found 
impossible to restore the light between crossed Nicols by subjecting 
a solid placed between them to electrical stress in a uniform field. 
That the non- uniformity of the field has nothing to do with the 
phenomenon in liquids, though at first disputed, is now generally 
admitted. It may be readily proved by means of a Franklin’s pane, 
of which half is pierced with windows. The glow is much weakened 
by thus replacing a uniform by a non-uniform field. 

Again, though most dielectrics when placed in an electric field 
expand, the fatty oils contract. Prof. J. J. Thomson Jjas recently 
pointed out that this indicates that another set of strains are super- 
posed upon those assumed in the ordinary explanations of these 
phenomena, and by which they may be neutralised or overcome. 

In experiments with carbon bisulphide it is necessary to take 
every precaution against fire. Fur this purpose the cell which contains 
the liquid should bo immersed in a larger cell, so that if — as sometimes 
happens — the passage of a spark cracks the glass the liquid may flow 
into a confined space. This should stand in a tray with turned-up 
edges, and an extinguisher of tin plate should be at hand to place 
over the whole apparatus. No Leyden jars should be included in 
the electrical circuit. The difficulties which formerly arose in tho 
exhibition of experiments in statical electricity owing to tho presence 
of moisture in the air of a lecture-room are now immensely reduced 
by the Wimshurst machine, which works with unfailing certainty 
under adverse conditions. A new and very beautiful machine was 
kindly lent by Mr. Wimshurst for the purposes of the lecture* 



Friday, March 8, 1889, 

Sia James Ceiohton Browne, M.D. LL.D. F.R.S. 

Vice-President, in the Chair. 

Proeessob Ouveb Lodge, LL.D. F.R.8. 

The Discharge of a Leyden Jar, 

It is one of the great generalisations established by Faraday, that all 
electrical charge and discharge is essentially the charge and discharge 
of a Leyden jar. It is impossible to charge one body alone. When- 
ever a body is charged positively, some other body is ipso facto 
charged negatively, and the two equal opposite charges are connected 
by lines of induction. The charges are, in fact, simply the ends of 
these lines, find it is as impossible to have one charge without its 
correlative as it is to have one end of a piece of string without thero 
being somewhere, hidden it may be, split up into strands it may be, 
but somewhere existent, the other end of that string. 

This I suppose familiar fact that all charge is virtually that of a 
Leyden jar being premised, our subject for this evening is at once 
seen to bo a very wide one, ranging in fact over the whole domain of 
electricity. For the charge of a Leyden jar includes virtually the 
domain of electrostatics ; while the discharge of a jar, since it con- 
stitutes a current, covers the ground of current electricity all except 
that portion which deals with phenomena peculiar to steady currents. 
And since a current of electricity necessarily magnetises the space 
around it, whether it flow in a straight or in a curved path, whether 
it flow through wire or burst through air, the territory of magnetism 
is likewise invaded ; and inasmuch as a Leyden jar discharge is 
oscillatory, and we now know the vibratory motion called light to be 
really an oscillating electric current, the domain of optics is seriously 
encroached upon. 

But though the subject I have chosen would permit this wide 
range, and though it is highly desirable to keep before our minds the 
wide-reaching import of the most simple-seeming fact in connection 
with such a subject, yet to-night I do not intend to avail myself of any 
such latitude, but to keep as closely and distinctly as possible to the 
Leyden jar in its homely and well-known form, as constructed out of 
a glass little, two sheets of tinfoil, and some stickphast. 

The act of charging such a jar I have permitted myself now for 
some time to illustrate by the mechanical analogy of an inextensiblo 
endless cord able to circulate over pulleys, and threading in some 
portion of its length a row of tightly-gripping beads which are con- 
nected to fixed beams by elastic threads. 
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The cord is to represent electricity ; the beads represent successive 
strata in the thickness of the glass of the jar, or, if you like, atoms 
of dielectric or insulating matter. Extra tension in the cord 
represents negative potential, while a > less tension (the nearest 
analogue to pressure adapted to the circumstances) represents positive 



Meobanlcal analogy of a circuit partly dielectric ; for instance, of a charged 
condenser. A is its positive coat, B its negative. 

potential. Forces applied to move the cord, such as winches or 
weights, are electromotive forces; a clamp or fixed ^obstruct! on 
represents a rheostat or contact-breaker ; and an excess or defect of 
cord between two strata of matter represents a positive or a negative 
charge. 

The act of charging a jar is now quite easily depicted as shown in 
the diagram. 

To discharge the jar one must remove the charging E.M.F. and 
unclamp the screw, i.e. close the circuit. The stress in the elastic 
threads will then rapidly drive the cord back, the inertia of tho 
beads will cause it to overshoot the mark, and for an instant tho jar 
will possess an inverse charge. Back again the cord swings, however, 
and a charge of same sign as at first, but of rather less magnitude, 
would be found in the jar, if the operation were now suspended. If it 
be allowed to go on, the oscillations gradually subside, and iti a short 
time ever^hing is quiescent, and the jar is completely disch<>rged. 

All this occurs in the Leyden jar, and the whole series of oscilla- 
tions, accompanied by periodic reversal and ro-reversal of the charges 
of the jar, is all accomplished in the incredibly short space! of time 
occupied by a spark. 

Consider now what the rate of oscillation depends on. Manifestly 
on the elasticity of the threads and on the inertia of the matter which 
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is moved. Take the simplest mechanical analogy, that of the 
vibration of a loaded spring, like the reeds in a musical box. The 
stiffer the spring, and the less the load, the faster it vibrates. Give 
a mathematician these data, and he will calculate for you the time the 
spring takes to execute one complete vibration, the “ period ” of its 
swing, [Loaded lath in vice.J 

The electrical problem and the electrical solution are precisely 
the same. That which corresponds to the flexibility of the spring, is 
in electrical language called static capacity, or, by Mr. Heaviside, 
permittance. That which corresponds to the inertia of ordinary 
matter is called elcctro-maguetic inertia, or solf-indiiction, or, by Mr. 
Heaviside, inductance. 

Increase either of these, and the rate of oscillation is diminished. 
Increasing the static capacity corresponds to lengthening the spring ; 
increasing the self-induction corresponds to loading it. 

Now the static capacity is increased simply by using a larger jar, 
or by combining a number of jars into a battery in the very old 
established way. Increase in the self-induction is attained by giving 
the discharge more space to inagnctiBc, or by making it magnetise a 
given spaeo luoie strongly. For electro-magnetic inertia is wholly 
due to the magnetisation of the space surrounding a current, and this 
space may bo increased or its magnetisation intensified ns much as 
we please. 

To increase the space wo have only to make the discharge take a 
long circuit instead of a short one. Thus wo may send it by a wire 
all round the r<)om, or by a telegraph wire all round a town, and all 
the space inside it and some of that outside will be more or less 
magnetised. IMoro or less, I say, as it is a case of less rather than 
more. Practically very little eflect is felt except close to the 
conductor, and accordingly tlie self-induction increases very nearly 
jiroportioiially to the length of the wire, and not in proportion to the 
area inclosed : provided also the going and return wdres are kept a 
reasonable distance apart, so as not to encroach upon each other’s 
apj)reciahly magnetised regions. 

But it is just as effective, and more compact, to intensify the 
magnetisation of a given space by sending the current hundreds of 
times round it instead of only once ; and this is done by inserting a 
Coil of wire into the discharge circuit. 

Yet a third way there is of increasing the magnetisation of a 
given space, and that is to fill it with some very magnotisable 
substance such as iron. This, indeed, is a most powerful method 
under many circumstances, it being possible to increase the magneti- 
sation and therefore the self-induction or inertia of the current some 
6000 times by the use of iron. 

But in the case of the discharge of a Ley<lcn jar, iron is of no 
advantage. The current oscillates so quickly that any iron introduced 
into its circuit, however subdivided into tliin wires it may be, is 
protected from magnetism by inverse currents induced in its outer 
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skin, as your Professor of Natural Philosophy* has shown, and 
accordingly it does not get magnetised ; and so far from increasing 
the inductance of the discharge circuit it ^positively diminishes it by 
the reaction effect of these induced currents : it acts, in fact, much as 
a mass of copper might be expected to do. 

The conditions determining rate of oscillation being understood 
we have next to consider what regulates the damping out of the 
vibrations, i. 0. the total duration of the discharge. 

Kesistance is one thing. To check the oscillations of a vibrating 
spring yon apply to it friction, or make it move in a viscous medium, 
and its vibrations are speedily damped out. The friction may be 
made so great that oscillations are entirely prevented, the motion 
being a mere dead-beat return to the position of equilibrium ; or, 
again, it may be greater still, and the motion may correspond to a 
mere leak or slow sliding back, taking hours or days for its 
accomplishment, With very large condensers, such as are used in 
telegraphy, this kind of discharge is frequent, but in the case of a 
Leyden jar discharge it is entirely exceptional. It can be caused by 
including in the circuit a wet string, or a capillary tube full of 
distilled water, or a slab of wood, or other atrociously bad conductor 
of that sort ; but the conditions ordinarily associated wdth the 
discharge of a Leyden jar, whether it discharge tlirough a long or a 
short wire, or simply through its tongs, or whether it ovtTflow its 
edge or puncture its glass, aro such as correspond to oscillations, and 
not to leak. [Discharge jar first through wire and next through 
wood.] 

When the jar is made to leak through wood or water the 
discharge is found to be still not steady ; it is not oscillaiory indeed, 
but it is intermittent. It occurs in a series of little jerks, as when a 
thing is made to slide over a resined surface. The reason of this is 
that the terminals discharge faster than the circuit can supply the 
electricity, and so the flow is continually stopped and begun again. 

Such a discharge as this, consisting really of a succession of small 
sparks, may readily appeal to the eye as a single flash, but it lacks 
the noise and violence of the ordinary discharge ; and any kind of 
moving mirror will easily analyse it into its constituents and show it 
to be intermittent. [Shake a mirror, or waggle head, or opera-glass.] 

It is pretty safe to say, then, that whenever a jar discharge is 
not oscillatory it is intermittent, and when not intermittent is 
oscillatory. There is an intormediato case wlien it is really dead- 
beat, but it could only be hit upon with special care, while its occur- 
rence by accident must bo rare. 

So far I have only mentioned resistance or friction as cause 
of the dying out of the vibrations ; but there is another cquse, and 
that a most exciting one. 

The vibrations of a reed are damped partly indeed hy friction and 


• Lord Kayleigh. 
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imperfect elasticity, but partly also by the energy transferred to the 
surrounding medium and consumed in the production of sound. It 
is the formation and propagation of sound waves which largely damp 
out the vibrations of any musical instrument. So it is also in 
electricity. Tho oscillatory discharge of a Leyden jar disturbs the 
medium surrounding it, carves it into waves which trjtvel away from 
it into space : travel with a velocity of 185,000 miles a second ; 
travel precisely with the velocity of light. [Timing-fork.] 

The second cause, then, which damps out the oscillations in a 
discharge circuit is radiation : electrical radiation if you like so to 
distinguish it, but it differs in no respect from ordinary radiation (or 
“ radiant heat ” as it has so often been called in this place) ; it differs 
in no respect from Light except in tho physiological fact that the 
retinal mechanism, whatever it may bo, responds only to waves of a 
particular, and that a very small, size, while radiation in general may 
have waves which range from 10,000 miles to a millionth of an inch 
in length. 

The seeds of this groat discovery of the nature of light were sown 
in this place ; it is all tho outcome of Faraday’s magneto-electric 
and electrostatic induction : the development of them into a rich and 
full-blown theory was tho greatest part of tho lift*-work of Clerk- 
Maxwell : the harvest of experimental verification is now being reaped 
by a German. But by no ordinary German. Dr. Hertz, now Pro- 
fessor in the Polytechuicnm of Karlsruhe, is a young investigator of 
the highest type. Trained in tho school of Helmholtz, and endowed 
with both mathematieal knowledge and great experimental skill, he has 
immortalised himself by a brilliant series of investigations which 
have cut right into the ripe corn of scientific opinion in these islands, 
and by the same strokes as have harvested the grain have opened up 
wide and many branching avenues to other investigators. 

At one time I had thouglit of addressing you tliis evening on the 
subject of these researches of Hertz, but tho exjieriinents arc rot yet 
reproducible on a scale suited to a largo audience, ami I have been 
so closely occupied with some not wholly dibbimilar, but inde- 
jicndeiitly conducted, researches of my oivii — researches led up to 
through the unlikely avenuo of lightning-eouduetors — that I have 
had as yet no time to do more tliau verify some of them for my own 
edification. 

In tliis work of repetition and verification Prof. Fitzgerald has, 
as related in a recent number of Nature (February 21, p. 391), 
probably gono further; and if I may vtmiure a suggestion to your 
Honorary Secretary, I feel sure that a iliseoiirse on Hertz’s rosearchos 
from Prof. Fitzgerald next year wT>uld be uot only acceptable to you, 
but would bo higlily conducive to the jirogress of science. 

I have wandered a little from my Leyden jar, and I must return 
to it and its oscillations. Lot me very briefly run over the history of 
our knowledge of tho oscillatory character of a Leyden jar discharge, 
tt was first clearly realised aud distinctly stated by that excellent 
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experimentalist, Joseph Henry, of Washington, a man not wholly 
unlike Faraday in his mode of work, though doubtless possessing to 
a less degree that astonishing insight into intricate and obscure 
phenomena ; wanting also in Faraday’s circumstantial advantages. 

This great man arrived at a conviction that the Leyden jar dis- 
charge was oscillatory by studying the singular phenomena attending 
the magnetisation of steel needles by a Leyden jar discharge, first 
observed in 18i?4 by Savary. Fine needles, when taken out of the 
magnetising helices, were found to be not always magnetised in the 
right direction, and the subject is referred to in German books as 
anomalous magnetisation. It is not the magnetisation which is 
anomalous, but the currents which have no simple direction ; and 
we find in a memoir published by Henry in 1842, the following 
words : — 

“ This anomaly, whicli has remained so long unexplained, and 
which, at first sight, appears at variance with all our theoretical ideas 
of the connection of electricity and magnetism, was, after considerable 
study, satisfactorily referred by the author to an action of the dis- 
charge of the Leyden jar, which had never before been recognised. 
The discharge, whatever may be its nature, is not correctly repre- 
sented (employing for simplicity the theory of Franklin) by the 
single transfer of an imponderable fluid from one side of the jar to 
the other ; the phenomenon requires us to admit the existence of a 
principal discharge in one direction and then several reflex actions 
hackicard and foricard each more feeble than the preceding ^ until the 
equilibrium is obiaimd^ All the facts are shown to lx* in accordance 
with this hypothesis, and a ready explanation is afforded by it of a 
number of phenomena, which are to be found in the older works on 
electricity, but whic^j have until this time remained unexplained.”* 

The italics are Henry’s. Now' if this w'ore an isolated passage it 
might be nothing more than a lucky guess. But it is not. The 
conclusion is one at which ho arrives after a laborious repetition 
and serious study of the facts, and ho keeps the idea constantly 
before him when once grasped, and uses it in all the rest of his 
researches on the subject. The facts studied by Henry do in my 
opinion support his conclusion, and if I am right in this it follows 
that he is the original discoverer of the oscillatory character of a 
spark, although he does not attempt to state his theory. That was 
first done, and completely done, in 1853, by Sir William Thomson ; 
and the progress of experiment by Fedderson, Helmholtz, ^chiller, 
and others has done nothing but substantiate it. 

The writings of Henry have been only quite recently tsollected 
and published by the Smithsonian Institution of Washiiigton in 
accessible form, and accordingly they have been far too much, ignored. 


* * Scientific 'Writings of Joseph Henry,* vol. i. p. 201. PublUhrd by the 
Smithsonian Institution, Washington, 1886. 
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The two volumes contain a wealth of beautiful experiments clearly 
recorded, and well repay perusal. 

The discovery of the oscillatory character of a Leyden jar dis- 
charge may seem a small matter but it is not. One has only to recall 
the fact that the oscillators of Hertz are essentially Leyden jars — 
one has only to use the phrase “ electro-magnetic theory of light ” 
— to have some of the momentous issues of this discovery lash 
before one. 

One more extract I must make from that same memoir by 
Henry,* and it is a most interesting one ; it shows how near he was, 
or might have been, to obtaining some of the results of Hertz ; 
though if he had obtained them, neither ho nor any other experi- 
mentalist could possibly have divined thoir real significance. 

It is, after all, the genius of Maxwell and of a few other great 
theoretical physicists whose names are on everyone’s lips| which 
endows the simple induction experiments of Hertz and others with 
such stupendous importance. 

Here is the quotation : — 

In extending the researches relative to this part of the investi- 
gations, a remarkable result was obtained in regard to the distance at 
which induction effects are produced by a very small quantity of 
electricity ; a single spark from the prime conductor of a machine, 
of about an inch long, thrown on to the end of a circuit of wire in an 
upper room, produced an induction sufficiently powerful to magne- 
tise needles in a parallel circuit of iron placed in the cellar beneath, 
at a perpendicular distance of 30 feet, with two fioors and ceilings, 
each 14 inches thick, intervening. The author is disposed to adopt 
the hypothesis of an electrical plenum [in other words, of an etherj, 
and from the foregoing experiment it would appear that a single 
spark is sufficient to disturb perceptibly the electricity of space 
throughout at least a cube of 400,000 feet of capacity ; and when it 
is considered that the magnetism of the needle is the result of tho 
difference of two actions, it may be further inferred that the diffusion 
of motion in this case is almost comparable with that of a spark from 
a flint and steel in the case of light.” 

Comparable it is, indeed, for wo now know it to be the self-same 
process. 

One immediate consequence and easy proof of the oscillatory 
character of a Leyden jar discharge is the occurrence of phenomena 
of sympathetic resonance. 

Everyone knows that one tuning-fork can excite another at a 


* Loo. cit., p. 204. 

t And of one whose name is not yet on everybody lips, but whose profound 
researohes into electro-mugnetic waves have penetrated further than anybodv yet 
understands into the depttis of the subject, and whose pi^pers have very likely 
contributed largely to the theoretical inspiration of Hertz — I mean that powerful 
mathematical physicist, ^Ir. Oliver Heaviside. 
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reasonable distance if both are tuned to the same note. Everyone 
knows, also, that a fork oan throw a stretched string attached to it 
into sympathetic vibration if the two are tuned to unison or to some 
simple harmonic. Both these facts have 'their electrical analogue. I 
have not time to go fully into the matter to-night, but I may just 
mention the two cases which I have myself specially noticed. 

A Leyden jar discharge can so excite a similarly-timed neigh- 
bouring Leyden jar circuit as to cause the latter to burst its dielectric 
if thin and weak enough. The well-timed impulses accumulate in 
the neighbouring circuit till they break through a quite perceptible 
thickness of air. 

Put the circuits out of unison by varying the capacity or by 
including a longer wire in one of them ; then, although the added 
wire be a coil of several turns, well adapted to assist mutual induc- 
tion as ordinarily understood, the effect will no longer occur, 
until the capacity is suitably diminished and the synchronism 
thus restored. 

That is one case, and it is the electrical analogue of one tuning- 
fork exciting another. It is too small at present to show here 
satisfactorily, for I only recently observed it, but it is exhibited in 
the library at the bach. 

The other case, analogous to the excitation of a stretched string 
of proper length by a tuning-fork, I published last year under the 
name of the experiment of the recoil kick, where a Leyden jar circuit 
sends waves along a wire connected by one end with it, which waves 
splash off at the far end with an electric brush or long spark. 

I will show merely one phase of it to-night, andLj;hat is the 
reaction of the impulse accumulated in the wire upon the jar itself, 
causing it to either overflow or burst. (Sparks of gallon or pint jar 
made to overflow by wire round room.*) 

The early observations by Franklin on the bursting of Leyden 
jars, and the extraordinary complexity or multiplicity of the fracture 
that often results, are most interesting. His electric experiments as 


♦ During the course of this experiment, the gilt paper on tlie wall was 
observed by the audience to be sparkling, every gilt patch over a certain area 
discharging into the next, after the manner of a spangled jar. It was probably 
due to some kind of sympathetic resonance. Electricity splashes about in con- 
ductors in a surprising way everywhere in the neighbourhoofl of a disclinrgo. 
For instance, a telescope in the hand of one of the audit nee wasi< reported 
afterwards to be giving off little sparks at every discharge of the jar, Every- 
thing which happens to have a }>eriod of electric oHcillation corresponding to 
some harmonic of the main oscillation of a discharge is liable to behr^e in this 
way. When light falls on an opaque surface it turns into some othti form of 
energy. What the audience siw was ]>robably the result of waves of lelectrical 
radiation being quenched or reflected by the walls of the room, and generating 
electrical currents in the act. It is these electric snrgings >%hu‘h refider such 
severe caution necessary in the erection of lightning-conductors. 

This explanation is merely tentatne. I have had no time to investigate 
the matter locally. 
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well as Henry’s well repay perusal, though, of course, they belong 
to the infancy of the subject. 

He notes the striking fact that the bursting of a jar is an extra 
occurrence, it does not replace the ordinary discharge in the proper 
place, it accompanies it ; and we now know that it is precipitated by 
it, that the spark occurring properly between the knobs sets up such 
violent surgings that the jar is far more violently strained than by 
the static charge or mere difference of potentials between its coatings ; 
and if the surgings are at all even roughly properly timed, the jar 
is bound to either overflow or burst. 

Hence a jar should always bo made without a lid, and with a lip 
protruding a carefully considered distance above its coatings : not 
so far as to fail to act as a safety valve, but far enough to prevent 
overflow under ordinary and easy circumstances. 

And now we come to what is after all the main subject of my 
discourse this evening, viz. the optical and audible demonstration of 
the oscillations occurring in the Leyden jar spark. Such a demon- 
stration has, 90 far as I know, never before been attempted, but if 
nothing goe^ wrong we shall easily accomplish it. 

And first I will do it audibly. To this end the oscillations must 
be brought down from their extraordinary frequency of a million or 
hundred thousand a second to a rate within the limits of human 
audition. One does it exactly as in the case of the spring — one first 
increases the flexibility and then one loads it. [Spark from battery 
of jars and varying sound of same.] 

Using the largest battery of jars at our disposal, I take the spark 
between these two knobs — not a long spark, ^ inch will be quite 
sufiicient. Notwithstanding the great capacity, the rate of vibration 
is still far above the limit of audibility, and nothing but the 
customary crack is heard. I next add inertia to the circuit by 
including a great coil of wire, and at once the spark changes 
character, becoming very shrill but an unmistakable whistle, of a 
quality approximating to the cry of a bat. Add another coil, and 
down comes the pace once more, to something like 5000 per second, 
or about the highest note of a piano. Again and again I load the 
circuit with magnetisability, and at last the spark has only 500 vibra- 
tions a second, giving tho octave, or perhaps the double octave, above 
the middle C. 

One sees clearly why one gets a musical note : tho noise of the 
spark is due to a sudden heating of tho air ; now if the heat is oscil- 
latory, the sound will be oscillatory too, but both will be an octave 
above the electric oscillation, if I may so express it, because two heat- 
pulses will accompany every cv»mplete electric vibration, the heat 
production being independent of direction of cuiiont. 

Having thus got the frequency of oscillation down to so manage- 
able a value, the optical analysis of it presents no difficulty : a simple 
looking-glass waggled in the hand will suffice to spread out tho spark 
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into a serrated band, just as oan be done with a singing or a seDsitive 
flame, a band too of very muob the same appearance. 

Using an ordinary four>square rotating mirror driven olectro- 
magnetically at the rate of some two or three revolutions per second, 
the band is at the lowest pitch seen to bo quite coarsely serrated ; and 
fine serrations oan be seen with four revolutions per second in even 
the shrill whistling sparks. 

The only difficulty in seeing these effects is to catch them at the 
right moment. They are only visible for a minute fraction of a revo- 
lution, though the band may appear drawn out to some length. The 
further away the spark is from the mirror, the more drawn out it is, 
but also the less chance there is of catching its image. 

With a single observer it is easy to arrange a contact maker on 
the axle of the mirror which shall bring on the discharge at the 
right place in the revolution, and the observer may then conveniently 
watch for the image in a telescope or opera-glass, though at the lower 
pitches nothing of the kind is necessary. 

But to show it to a largo audience various plans can be adopted. 
One is to arrange for several sparks instead of one ; another is to 
multiply images of a single spark by suitably adjusted reflectors, which 
if they are concave will give magnified images; another is to use 
several rotating mirrors ; and indeed I do use two, one adjusted so 
as to suit the spectators in the gallery. 

But the best plan that has struck me is to combine an intermittent 
and an oscillatory discharge. Have the circuit in tw^o branches, one 
of high resistance so as to give intcrmittences, the other of ordinary 
resistance so as to be oscillatory, and let the mirror analyse every 
constituent of the intermittent discharge into a serrated band. There 
will thus be not one spark, but several successive sparks, close enough 
together to sound almost like one, separate enough in the rotating 
mirror to be visible on all sides at once, and each one analysed into its 
component alternations. 

But to achieve this one must have great exciting povver. In spite of 
the power of this magnificent Wimshurst machine, it takes some 
time to charge up our great Leyden battery, and it is tedious waiting 
for each spark. A Wimshurst does admirably for a single observer, 
but for a multitude one wants an instrument which shall charge the 
battery not once only but many times over, with overflows between, 
and all in the twinkling of an eye. 

To get this I must abandon my friend Mr. Wimshurst, and return 
to Michael Faraday. In front of the table is a great induction coil ; 
its secondary has the resistance needed to give an intermittent dis- 
charge. The quantity it supplies at a single spark will fill cur jars 
to overflowing several times over. The discharge circuit and all its 
circumstances shall remain unchanged. [Excite jars by coiLj 

Banning over the gamut with this coil now used as ou^ exciter 
instead of the Wimshurst machine — everything else remaining 
exactly as it was — you hear the sparks give the same notes as before, 
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but with a slight rattle in addition, indicating intcrmittence as well 
as alternatioD. Rotate the mirror, and everyone should see one or 
other of the serrated bauds of light at nearly every break of the 
primary current of the coil. [Rotating mirror to analyse sparks.] 

The musical sparks which I have now shown you were obtained 
by me during a special digression * which I made while examining 
the eflTect of discharging a Leyden jar round heavy glass or bisulphide 
of carbon. The rotation of the plane of polarisation of light by a 
steady current, or by a magnetic field of any kind properly disposed 
with respect to the rays of light, is a very familiar one in this place. 
Perhaps it is known also that it can be done by a Leyden jar current. 
But 1 do not think it is ; and the fact seems to mo very interesting. 
It is not exactly new — in fact, as things go now it may be almost 
called old, for it was investigated six or seven years ago by two most 
highly skilled French experimenters, Messrs. Bichat and Blondlot. 

But it is exceedingly interesting as showing how short a time, 
how absolutely no time, is needed by heavy glass to throw itself into 
the suitable rotatory condition. Some observers have thought they 
had proved that heavy glass requires time to develop the etfect, by 
spinning it IjB.twerm the poles of a magnet and seeing the efiect 
decrease; but their conclusions cannot be right, for the polarised 
light follows every oscillation in a discharge, the plane of polarisa- 
tion being waved to and fro as often as 70,000 times a second in my 
own observation. 

Very few persons in the w’orld have seen the effect. In fact, I 
doubt if anyone had seen it a month ago except IMcssrs. Bichat and 
Blondlot. But I hope to make it visible to most persons here, though 
I hardly hope to make it visible to all. 

Returning to the Wimshurst machine as exciter, I pass a dis- 
charge round the spiral of wire inclosing this long tube of CS 2 , and 
the analysing Nicol being turned to darkness, tliore may l)e seen a 
faint — by those close to not so faint, but a very momentary — restora- 
tion of light on the screen at every spark. (CSi tube experiment on 
screen.) 

Now I say that this light restoration is also oscillatory. One way 
of proving this fact is to insert a biquartz between the Nicols. With 
a steady current it constitutes a sensitive detector of rotation, its 
sensitive tint turning green on one side and red on the other. But 
with this oscillatory current a biquartz does absolutely nothing. 
(Biquartz.) 

That is one proof. Another is that rotating the analyser either 
way weakens the extra brightening of the field, and weakens it 
equally either way. 

But the most convincing proof is to reflect the light coming 


* Most likely it was a conversation which I had with Sir Wm. Thomson, at 
Christmas, which caused mo to soe the interest of getting slow oscillations. My 
attention has mainly been directed to getting tliem quick. 
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through the tube npon our rotating mirror, and to look now, not at 
tl)o spark, or not only at the spark, but at the faint band into which 
the last residue of light coming through polariser and tube and 
analyser is drawn out. (Analyse the light in rotating mirror.) 

At every discharge this faint streak brightens in places intb a 
beaded band; these are the oscillations of the polarised light; and 
when examined side by side they are as absolutely synchronous with 
the oscillations of the spark itself as can be perceived. 

Rotating the analysing Nicol a little, one sees every alternate bead 
grow fainter, while the other alternate ones brighten ; thus directly 
establishing the fact of alternations, as distinct from intcrniittouccs. 
A certain deiinite rotation will obliterate one set altogether, and make 
the beading appear twice as coarse, as if it belonged to the octave 
below. [For further details see ‘ Philosophical Magazine * for April, 
1889 .] 

Out of a multitude of phenomena connected with the Leyden jar 
discharge I have selected a few only to present to you hero this 
evening. Many more might have been shown, and great numbers 
more are not at present adapted for presentation to an audience, being 
only visible with difficulty and close to. 

An old and trite subject is seen to have in the light of theory an 
unexpected charm and brilliancy. So it is with a great number of 
other old familiar facts at the present time. 

The present is an epoch of astounding activity in physical science. 
Progress is a thing of months and weeks, almost of days. The long 
line of isolated ripples of past discovery seem blending into a mighty 
wave, on the crest of which one begins to discern som^ oncoming 
magnificent generalisation. The suspense is becoming feverish, at 
times almost painful. . One feels like a boy who has been long 
strumming on the silent key-board of a deserted organ, into tho 
chest of which an unseen power begins to blow a vivifying breath. 
Astonished, he now finds that the touch of a finger elicits a responsive 
note, and he hesitates, half delighted, half alTrighted, least he l^e 
deafened by tho chords which it would seem he can now summon forth 
almost at will. 


[O.L.] 
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Sir Fbedbriok Bramwell, Bart. D.C.L. F.R.S. Honorary Secretary 
and Vice-President, in the Chair. 

The Right Hon. Lord Rayleigh, M.A. D.C.L. LL.D. F.R.S. M,BJ, 

PROFKSyon 01 NATURAL R.l. 

Iridescent Crystals, 

Tbk principal subject of the lecture is the peculiar coloured reflection 
observed in certain specimens of chlorate of potash. Reflection implies 
a high degree of discontinuity. In some cases, as in decomposed 
glass, and prfih,d;ly in opals, the discontinuity is due to the inter- 
position of layers of air ; but, as was proved by Stokes, in the case of 
chlorate crystals the discontinuity is that known as twinning. The 
seat of the colour is a very thin layer in the interior of the crystal 
and parallel to its faces. 

The following laws were discovered by Stokes : — 

(1) If one of the crystalline plates be turned round in its own 
plane, without alteration of the angle of incidence, the peculiar reflec- 
tion vanishes tN\ice in a revolution, viz. when the plane of incidence 
coincides with the plane of symmetry of the crystal. [Shown.] 

(2) As the angle of incidence is increased the reflected light 
becomes brighter and rises in refrsngibility. [Shown.] 

(3) The colours aro uot due to absorption, the transmitted light 
being strictly complementary to the reflected. 

(4) The coloured light is not polarised. It is produced indiffer- 
ently, whether the incident light be common light or light polarised 
in any plane, and is seen whether the reflected light be viewed directly 
or through a Nicol’s prism turned in any way. [Shown.] 

(5) The spectrum of the reflected light is frequently found to 
consist almost entirely of a comparatively narrow band. When the 
angle of incidence is increased, the band moves in the direction of 
increasing refrangibility, and at the same time increases rapidly in 
width. In many cases the reflection appears to be almost total. 

In order to project these phenomena a crystal is prepared by 
cementing a smooth face to a strip of glass, whose sides are not quite 
parallel. The white reflection from the anterior face of the glass can 
then be separated from the real subject of the experiment 

A very remarkable feature in the reflected light remains to be 
noticed. If the angle of incidence be small, and if the incident light 
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be polarised in or perpendicularly to the plane of incidence, the 
reflected light is polarised in the opposite manner. [Shown.] 

Similar phenomena, except that the reflection is white, arc exhibited 
by crystals prepared m a manner described by Madan. If the crystal 
be treated beyond a certain point the peculiar reflection disappears, 
but returns upon cooling. [Shown.] 

In all these cases there can be little doubt that the reflection takes 
place at twin surfaces, the theory of such reflection* reproducing 
with remarkable exactness most of the features above described. In 
order to explain the vigour and purity of the colour reflected in 
certain crystals, it is necessary to suppose that there are a considerable 
number of t^\ln surfaces disposed at approximate equal intervals. At 
each angle of incidence there would be a particular wave length for 
which the phases of the several reflections are in agreement. The 
selection of light of a particular wave length would thus take place 
upon the same principle as in diffraction spectra, and might reach a 
high degree of perfection. 

In illustration of this explanation an acoustical analogue is 
exhibited. The successive twin planes are imitated by parallel and 
equidistant discs of muslin (Figs. 1 and 2) stretched upon brass rings 



and mounted (with the aid of three lazy-tongs arrangements), so that 
there is but one degree of freedom to move, and that of such a character 
as to vary the interval between the discs without disturbing their 
equidistance and parallelism. 

The source of sound is a bird-call, giving a pure tone 0i high 
pitch (inaudible), and the percipient is a high pressure flame issuing 
from a burner so oriented that the direct waves are without influence 


‘Phil Mag.’ Sept 1888 
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upon the flamo.^ But the waves reflected from the muslin arrive in 
the effective direction, and if of sufficient intensity induce flaring. 
The experiment consists in showing that the action depends upon the 
distance between the discs. If the distance be such that the waves 
reflected from the several discs co-operate, I the flame flares, but for 
intermediate adjustments recovers its equilibrium. For full success 
it is necessary that the reflective power of a single disc be neither too 
great nor too small. A somewhat open fabric appears suitable. 

It was shown by Brewster that certain natural specimens of 
Iceland spar are traversed by thin twin strata. A convergent beam, 
reflected at a nearly grazing incidence from the twin planes, depicts 
upon the screen an arc of light, which is interrupted by a dark spot 
corresponding to the plane of symmetry. | Shown.] A similar experi- 
ment may be made with small rhombs in which twin layers have 
been developed by mechanical force after the manner of Keusch. 

The light reflected from fiery opals has been shown by Crookes to 
possess in many cases a high degree of purity, rivalling in this respect 
the reflection from chlorate of potash. The explanation is to be 
sought in a ^periodic stratified structure. But the other features 
ditler widely in the two cases. There is here no semicircular evanes- 
cence, as the specimen is rotated in azimuth. On the contrary, the 
coloured light transmitted perpendicularly through a thin plate of 
opal undergoes no change wheu the gem is turned round in its own 
plane. I'his appears to prove that the alternate states are not related 
to one another as twin crystals. Moie probably the alternate strata 
are of air, as in decomposed glass. The brilliancy of opals is said 
to bo readily affected by atmospheric conditions. 


* See *Proc. Roy. Inst.* Jan. 1888. 

t If the leflection were perpendicular, the interval between successive discs 
would be equal to the half wave-length, or to some multiple of this. 
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Sir Frederick Bramwell, Bart. D.C.L. F.R.S. Honorary Secretary 
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Sir Henry Roscoe, M.P. D.C.L. LL.D. V.P.R.S. 

Aluminium. 

Chemists of many lands have contributed to our knowledge of the 
metal aluminium. Davy, in 1807, tried in vain to reduce alumina by 
means of the electric current. Oerstedt, the Dane, in 1824, pointed 
out that the metal could be obtained by treating the chloride with an 
alkali metal ; this was accomplished in Germany by Wohler in 1827, 
and more completely in 1845, whilst in 1854, Bunsen showed how 
the metal can 1^ obtained by electrolysis. But it is to France, by the 
hands of Henri St. Claire Deville, in the same year, that the honour 
belongs of having first prepared aluminium in a state of purity, and of 
obtaining it on a scale which enabled its valuable properties to be re- 
cognised and made available, and the bar of ‘^silver- white metal from 
clay,” was one of the chemical wonders in the first Paris Exhibition of 
1855, Now England and America stop in, and I have this evening to 
relate the important changes which further investigation has effected 
in the metallurgy of aluminium. The pioctss suggested Oerstedt, 
carried out by Wohler, and modified by Deville, lemains in piinciple 
unchanged. The metal is prepaied, as before, by a reduction of the 
double chloride of aluminium and sodium, by means of metallic 
sodium in presence of cryolite ; and it is therefore not so much a 
description of a new reaction as of improvements of old ones of which 
1 have to speak. 

I may perhaps be allowed to remind iny hearers that more than 
33 years ago, Mr. Barlow, then secretary to the Institution, delivered 
a discourse, in the presence of M. Deville, on the properties and mode of 
preparation of aluminium, then a novelty. He stated that the metal 
Mas then sold at the rate of 3Z. per ounce, and the exhibition of a small 
ingot, cast in the laboratory by M. Deville, was considered remarkable. 
As indicating the progress since made, 1 may remark that the metal 
is now sold at 20«. per lb., and manufactuied by the ton, by the 
Aluminium Company, at their works at Oldbury, near Birmingham. 
The improvements which have been made in this manufacture by the 
zeal and energy of Mr. Castner, an American metallurgist, aifo of so 
important a character, that the process may properly be termed the 
Deville-Castner process. 

The production of aluminium previous to 1887, probably jid not 
exceed 10,000 lbs. per annum, whilst tho price at that time w$s very 
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high. To attain even this production required that at least 100,000 
lbs. of double chloride, and 40,000 lbs. of sodium should be manu- 
factured annually. From these figures an idea of the magnitude of 
the undertaking assumed by the Aluminium Company may be esti- 
mated, when we learn that they erected works having an annual 


Chu^e JBro’i ,j9/Aalt Wor/i& 



producing capacity of 100,000 lbs. of aluminium. To accomplish 
this, required not only that at least 400,000 lbs. of sodium, 800,000 
lbs. of chlorine, and 1,000,000 lbs. of doulli* chloride, should be 
annually manufactured, but in addition that each of these materials 
should be produced at a very low cost, in order to enable the metal 
to be sold at 20a. per lb. 
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Anneied is a sketch plan of the works, which now cover a 
space of nearly five acres. They are divided into five separate 
departments, viz., 1st, sodium, A ; 2nd, chlorine, B ; 3rd, chloride, 0 ; 
4th, aluminium, D ; and 6th, foundry, rolling, wire mills, &c., E. 

In each department an accurate account is kept of the production 
each day, the amount of material used, the difi'erent furnaces and 
apparatus in operation, &c. In this manner it has been found possible 
to ascertain each day exactly how the different processes are progress- 
ing, and what effect any modification has, either on cost, quantity, or 
quality of product. By this means a complicated chemical process 
is reduced to a series of very simple operations, so that whilst tl e 
processes are apparently complicated and difficult to carry cut 
successfully, this is not the case now that the details connected with 
the manufacture have been perfected, and each operation cairied on 
quite independently until the final materials are brought together for 
the production of the aluminium. 

Manufacture of Sodium. 

The first improvement occurs in the manufacture of sodium by 
what is known as the “ Castner Process.” The successful working of 
this process marks an era in the production of sodium, as it not 
only has greatly cheapened the metal, but has enabled the manufacture 
to be carried out upon a very large scale with little or no danger. 
Practically, the process consists in heating fused caustic soda in contact 
with carbon whilst the former substance is in a perfectly liquid con- 
dition. By the process in vogue before the introduction of this 
method, it was always deemed necessary that special meolf^ should be 
taken to guard against actual fusion of the mixed charges, which, 
if it were to take place, would to a largo extent allow the alkali and 
reduefing material to separate. Thus having an infusible charge to 
heat, requiring the employment of a very high temperature for its 
decomposition, the iron vessels must be of small circumference to 
allow the penetration of the heat to the centre of the charge without 
actually melting the vessel in which the materials are heated. By 
the new process, owing to the alkali being in a fused or perfectly 
liquid condition in contact directly with carbon, the necessity of this 
is avoided, and consequently, the reduction can be carried on in large 
vessels at a comparatively low temperature. The reaction taking 
place may be expressed as follows : — 

3NaHO + C = NajCOg + 3H -f- Na. 

The vessels in which the charges of alkali and reducing inaterial 
are heated are of egg-shaped pattern, about 18 inches in iTidth at 
their widest part and about 3 feet high, and are made in two portions, 
the lower one being actually in tho form of a crucible, mile the 
upper one is provid^ with an upright stem and a protruding hollow 
arm. This part of the apparatus is known as the cover. In com- 
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znencing the operation, these covers are raised in the heated furnace 
through apertures provided in the floor of the heated chamber, and are 
then fastened in their place by an attachment adjusted to the stem ; the 
hollow arm extends outside the furnace. Directly below each aperture 
in the bottom of the furnace are situated the hydraulic lifts ; attached 
to the top of which are the platforms upon which are placed the 
crucibles to be raised into the furnace. Attached to the hydraulic 
lifts are the usual reversing valves for lowering or raising, and the 
platform is of such a size as, when raised, completely to fill the 
bottom aperture of the furnace. The charged crucible, being placed 
upon the platform, is raised into its position, the edges meeting those 
of the cover, forming an air-tight joint which prevents the escape of gas 
and vapour from the vessel during reduction, except by the hollow arm 
provided for this purpose. The natural expansion of the iron vessels 
is accommodated by the water-pressure in the hydraulic liits, so that 
the joint of the cover and crucible are not disturbed until it is intended 
to lower the lift for the purpose of removing the crucible. 

The length of time required for the first operation (;f reduction 
and distillation is about two hours. At the end of this time the 
crucibles are lowered, taken from the platforms by a large pair of 
tongs on wheels, carried to a dumping pit, and thrown on their 
side. The residue is cleaned out, and the hot pot, being again 
gripped by the tongs, is taken back to the furnace. On its way, the 
charge of alkali and reducing material is thrown in. It is again 
placed on the lift and raised in position against the edges of the 
cover. The time consumed in making the change is minute, 
and it only requires about seven minutes to draw, empty, recharge, 
and replace the five crucibles in each furnace. In this manner the 
crucibles retain the greater amount of their heat, so that the operation 
of reduction and distillation now only requires one hour and ten 
minutes. Each of tlic four furnaces, of five crucibles each, when in 
operation, are drawn alternately, so that the process is carried on night 
and day. 

Attached to the protruding hollow arm from the cover are the 
condensers, which are of a peculiar pattern specially adapted to this 
process, being quite different from those formerly used. They are 
about 5 inches in diameter, and nearly 3 feet long, and have a small 
opening in the bottom about 20 inches from the nozzle. The bottom 
of these condensers is so inclined that the metal condensed from the 
vapour issuing from the crucible during reduction, flows down and 
out into a small pot placed directly below this opening. Tiie 
uncondeused gases escape from tho condenser at the further end, and 
burn with the characteristic sodium flame. The condensers are also 
provided with a small hinged door at the further end, by means of 
which the workmen from time to time may KK)k in to observe how 
the distillation is progressing. Previous to drawing the crucibles 
from the furnace for the purpose of emptying and recharging, the 
small pots each containing tho distilled metal arc removed, and empty 
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ones substituted. Those removed each contain on an average about 
6 lbs. of metal, and are taken directly to the sodium casting shop, 
where it is melted and cast, either into large bars ready to be used for 
making aluminium, or in smaller sticks to be sold. 

Special care is taken to keep the temperatuie of the furnaces at 
about 1000° C., and the gas and air valves are carefully regulated, so 
as to maintain as even a temperature as possible. The covers remain 
in the furnace from Sunday night to Saturday afternoon, and the 
crucibles are kept in use until they are worn out, when now ones 
are substituted without interrupting the general running of the furnace. 
A furnace in operation requires 260 lbs. of caustic soda every 
one hour and ten minutes, and yields in the same time 30 lbs. of 
sodium, and about 240 lbs. of crude carbonate of soda. With tho 
four furnaces at work 120 lbs. of sodium can be made every 70 minutes, 
or over a ton in the 24 hours. The residual carbonate, on treatment 
with lime in the usual manner, yields two-thirds of tho original 
amount of caustic operated upon. The sodium, after being cast, is 
saturated with kerosene oil, and stored in large tanks holding several 
tons, placed in rooms specially designed both for security against either 
fire or water. 

Chlorine Manufacture, 

This part of the works is connected with the adjacent works of 
Messrs. Chance Bros, by a large gutta-percha pipe, by means of 
which from time to time hydrochloric acid is supplied direct into 
the large storage cisterns, from which it is used as desired for 
making the chlorine. For the preparation of tho chlorine gas 
needed in making the chloride, the usual method is employed ; that 
is, hydrochloric acid and manganese dioxide are heated together, 
when chlorine gas is' evolved with effervescence, and is led away by 
earthenware and lead pipes to large lead-lined gasometers, where 
it is stored. 

The materials for the generation of the chlorine are brought 
together in large tanks, or stills, built up out of great sandstone slabs, 
having rubber joints, and the heating is effected by the injection of 
steam. The evolution of gas, at first rapid, becomes gradually slower, 
and at last stops ; the hydrochloric acid and manganese dioxide being 
converted into chlorine and manganous chloride. This last com- 
pound remains dissolved in the spent still liquor ’’ and k recon- 
verted into manganese dioxide, to be used over again, by Weldon’s 
Manganese Becovery Process. Owing to the difficulty of keeping up 
a regi^r supply of chlorine under a constant pressure directly from 
the stills, in order that the quantity passed into the sixtyldifferent 
retorts in which the double-chloride is made can be regul|ited and 
fed as desired, four large gasometers were erected. Each of these is 
capable of holding 1,000 cubic feet of gas, and is completely lined 
with lead, as are all the connecting mains, dec., this being the only 
available metal which withstands the corrosive action of chlorine. The 
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gasometers are filled in turn from the stills, the chlorine consumed 
being taken direct from a gasometer under a regular pressure until 
it is exhausted ; the valves being changed, the supply is taken from 
another holder, the emptied one being refilled from the still. 

Manufacture of the Double Chloride. 

Twelve large regenerative gas furnaces are used for heating, and 
in each of these are fixed five horizontal fire-clay retorts about 10 ft. 
in length, into which the mixture for making the double chloride is 
placed. These furnaces have been built in two rows, six on a side, 
the clear passage-way down the centre of the building, whicli is about 
250 ft. long, being 50 ft. in width. Above this central passage is the 
staging carrying the large Icad-mairs for the supply of the chlorine 
coming from the gasometers. Opposite each retort, and attached to 
tlie main, are situated the regulating valves, connected with lead and 
eartlicnwaro pipes, for the regulation and passage of the chlorine to 
each retort. Tlie valves are of i)eculiar design, and have been so 
constructed that the chlorine is made to pass through a certain depth 
of liquid, wldcTi u<»t only by opposing a certain pressure allows a 
known quantity of gas to pass in a given time, but also prevents any 
return from the retort into the main, should an increase of pressure 
bo suddenly devclo])ed in the retorts. 

The mixture with which the retorts are charged is made by 
grinding together hydrate of alumina, salt, and charcoal. This 
mixture is then moistened with water, which partially dissolves the 
salt, and thrown into a pug mill of the usual type for making 
drain pipes, excepting that tlie mass is forced out into solid cylin- 
drical lengths upon a platform alongside of which a workman is 
stationed witli a large knife, by means of which the material is cut 
into lengths of about 3 inches each. These are then piled on top of the 
large furnaces to dry. In a few hours they liavo sufliciently hardened 
to allow of their being handled. Tliey are then transferred to large 
wagons, and arc ready to bo used in charging the retorts. 

The success of this process is in a great measure dependent — 
Ist, on the proportionate mixture of materials ; 2iid, on the tem- 
perature of tho furnace ; 3rd, on the quantity of chlorine introduced 
in a given time ; and 4th, on tho actual construction of the retorts. 
I am, however, not at liberty to discuss tho details of this part of the 
proct'ss, which have only a commercial interest. In carrying on the 
operation, the furnaces or retorts, when at ilie proper temperature, 
aro charged by throwing in the balls until they are quite full, tho 
fronts aro then sealed up, and the charge allowed to remain undis- 
turbed for about four hours, during which time the water of the 
alumina hydrate is completely expelled. At tho end of this time 
the valves on the chlorine main are opened, and the gas is allowed 
to pass into the charge<l retorts. In the rear of each retort, and con- 
nected therewith by means of an earthenware pipe, are the condenser 
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boxes, which are built in brick. These boxes are provided with 
openings or doors, and also with earthenware pipes connected with 
a small flue for carrying off the uncondensed vapours to the large 
chimney. At flrst the chlorine passed into each retort is all absorbed 
by the charge, and only carbonic oxide escapes into the open boxes, 
where it burns. After a certain time, however, dense fumes are 
evolved, and the boxes are then closed, while the connecting pipe 
between the box and the small flue serves to carry off the uncon- 
densed vapours to the chimney. 

The reaction which takes place is as follows ; — 

Al*Oa -f 2NaCl + 30 4- 601 = 2A10l3Na01 + 300. 

The chlorine is passed in for about 72 hours in varying quantity, 
the boxes at the back being opened from time to time by the work- 
men to ascertain the progress of the distillation. At the end of the 
time mentioned tho chlorine valves are closed and the boxes at the 
back of tho furnace are all thrown open. The crude double chloride, 
as distilled from the retorts, condenses in the connecting pipe and 
trickles down into the boxes, where it solidifies in largo irregular 
masses. The yield from a bench of five retorts will average from 
1,600 to 1,800 lbs., which is not far from the theoretical quantity. 
After the removal of the crude chloride from the condenser boxes, 
the retorts are opened at their charging end, and the residue, which 
consists of a small quantity of alumina, charcoal, and salt, is raked out 
and remixed in certain proportions with fresh material, to be used 
over again. The furnace is immediately re-charged and the same 
operations repeated, so that from each furnace upwards of 3,500 lbs. 
of chloride are obtained weekly. With ten of the twelve furnaces 
always at work the plant is easily capable of producing 30,000 lbs. 
of chloride per week, ^r 1,500,000 lbs. per annum. 

Owing to the presence of iron, both in the materials used (viz., 
charcoal, alumina, &c.) and in the fireclay composing tho retorts, the 
distilled chloride always contains a varying proportion of this metal 
in the form of ferrous and ferric chlorides. When it is remembered 
that it requires 10 lbs. of this chloride to produce 1 lb. of aluminium 
by reduction, it will be quite apparent how materially a very small 
percentage of iron in tho chloride will influence the quality of tho 
resulting metal. I may say that, exercising the utmost care as to 
the purity of the alumina and the charcoal used, and after having tho 
retorts made of special fireclay containing only a very small per- 
centage of iron, it was found almost impossible to produce upon a 
large scale a chloride containing less than 0*3 per cent, of ir^>n. 

This crude double chloride, as it is now called at tho \fi)rkfl, is 
highly deliquesc^t, and varies in colour from a light yellow |o a dark 
red. The variation in colour is not so much duo to the varying per- 
centage of iron contained as to tho relative proportion of ferric or 
ferrous chlorides present, and although a sample may be either very 
dark or quite light, it may still contain only a small percentage of 
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iron if it be present as ferric salt, or a very largo percentage if it is 
in the ferrous condition. Even when exercising all possible precau- 
tions, the average analysis of the crude double chloride shows about 
0 * 4 per cent, of iron. The metal subsequently made from this chloride 
therefore never contained much loss than about 5 per cent, of iron, 
and, as this quantity greatly injures the capacity of aluminium for 
drawing into wire, rolling, &c., the metal thus obtained required to 
be refined. This was successfully accomplished by Mr. Castner 
and his able assistant Mr. Cullen, and for some time all the metal 
made was refined, the iron being lowered to about 2 per cent. 

The process, however, was difficult to carry out, and required 
careful manipulation, but as it then seemed the only remedy for 
effectively removing the iron, it was adopted and carried on for some 
time quite successfully, until another invention of Mr. Castner 
rendered it totally unnecessary. This consisted in purifying the 
double chloride before reduction. I cannot now explain this process, 
but T am able to show some of the product. This purified^ chloride, 
or pure double chloride, is, as you see, quite white, and is far less 
deliquescent than the crude, so that it is quite reasonable to infer 
that this mobt* undesirable property is greatly due to the former 
presence of iron chlorides. 1 have seen large quantities containing 
upwards of per cent, of iron, or 160 lbs. to 10,000 of the chloride, 
completely purified from iron in a few minutes, so that, whilst the 
substance before treatment ^as wholly unfit for the preparation of 
aluminium, owing to the presence of iron, the result was, like the 
sam{)le exhibited, a mass containing only 1 lb. of iron in 10,000, 
or 0*01 per cent. The process is extremely simple, and adds little or 
no appreciable cost to the final product. After treatment, this pure 
chloride is molted in large iron pots and run into drums similar to 
those used for storing caustic soda. As far as I am aware, it was 
generally believed to be an impossibility to remove the iron from 
anhydrous double chloride of aluminium and sodium, and few if 
any chemists have ever seen a pure white double chloride. 

Aluminium Manufacture, 

I now come to the final stage of the process, viz., the reduction of 
the pure double chloride by sodium. This is effected, not in a tube 
of Bohemian glass, as shown in Mr. Barlow's lecture in 1856, but in 
a large reverberatory furnace, having an inclined hearth about 6 feet 
square, the inclination being towards the front <if the furnace, through 
which are several openings at different heights. The pure chloride 
is ground together with cryolite in about the proportions of two to 
one, and is then carried to a ‘staging erected above the reducing 
furnace. The sodium, in large slabs or blocks, is run through a 
machine similar to an ordinary tobacco-cutting machine, where it is 
cut into small thin slices ; it is then also transferred to the staging 
above the reducing furnace. 
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BotH materials are now thrown into a largo revolving drum, when 
they become thoroughly mixed. The drum being ox>eued and partially 
turned, the contents drop out into a car on a tramway directly below. 
The furnace having been raised to the desired temperature, the 
dampers of the furnace are all closed to prevent the access of air, the 
heating gas also being shut off. The car is then moved out on the roof 
of the furnace until it stands directly over the centre of the hearth. 
The furnace roof is provided with large hoppers, and through these 
openings the charge is introduced as quickly as possible. The 
reaction takes place almost immediately, and the whole charge quickly 
liquefies. At the end of a certain time the heating gas is again 
introduced and the charge kept at a moderate temperature for about 
two hours. At the end of this period the furnace is tapped by driving 
a bar through the lower opening, which has previously been stopped 
with a fire-clay plug, and the liquid metal run out in a silver stream 
into moulds placed below the opening. When the metal has all been 
drawn off, tlie slag is allowed to run out into small iron wagons and 
removed. The openings being again plugged up, the furnace is 
ready for another charge. From each charge, composed of about 
1200 lbs. of pure chloride, 600 lbs. of cryolite, and 350 lbs. of 
sodium, about 115 to 120 lbs. of aluminium is obtained. 

The purity of the metal entirely depends upon the purity of the 
chloride used, and without exercising more than ordinary care the 
metal tests usually indicate a purity of metal above 99 per cent. On 
the table is the metal run from a single charge, its weight is 116 lbs., 
and its composition, as shown by analysis, is 99*2 aluminium, 
0 • 3 silicon, and 0 * 5 iron. This I believe to be the latest and the 
purest mass of metal ever made in one operation. 

The result of eight or nine charges are laid on one side, and then 
melted down in the furnace to make a uniform quality, the liquid 
metal^ after a good stirring, being drawn off into moulds. These 
large itigots, weighing about 60 lb. each, are sent to the casting shop, 
there to be melted and cast into the ordinary pigs, or other shapes, as 
inay be required for the making of tubes, sheets, or wire, or else used 
directly for making alloys of either copper or iron. 

The following table shows approximately the quantity of each 
material used in the production of one ton of aluminium : — 

Metallic sodium 6,300 lbs. 

Double chloride 22,400 „ 

CryoUiB 8,000 ” 

8 tons. 

To produce 6,300 lbs. of sodium is required : — ' 

Caustic soda 44,000 lbs. 

Carbide made from pitch, 12,000 lbs,! _ 
and iron turnings, 1,000 lbs. .. . / »» 

Crucible castings 2i tons. 

Coal 75 ’ 
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For the production of 22,400 lbs. double chloride is required 

Common salt 8,000 Ihs. 

Alumina hydrate 11,000 „ 

Chlorine gn 8 15,000 „ 

Coal ]80 tons. 


For the production of 15,000 lbs. of chlorine gas is required : — 


Hydrochloric acid 180,000 lbs. 

Limestone dust 45,000 „ 

Lime 30,000 „ 

Loss of manganese 1 , 000 „ 


S These figures were rendered more evident by the aid of small 
s, each cut a given size so as to represent the relative weights of 
the different materials used to produce one unit of aluminium.) 

It might seem, on looking over the above numbers, as if an 
extraordinary amount of waste occurred, and as if the production is 
far below that which ought to be obtained, but a study of the figures 
will show that this is not the case. I would wish to call attention to 
one item in particular, viz, fuel, it having been remarked that the 
consumption of coal must prevent cheap production. I think when it 
is remembered that coal, such as used at the works, cost only 4^. per 
ton, while the product is worth 2210/. per ton, the cost of coal is 
not an item of consequence in the cost of production. The total cost 
of the coal to produce one ton of metal being 50Z. ; the actual cost 
for fuel is less than sixpence for every pound of aluminium produced. 
The ratio of cost of fuel to value of product is indeed less than is the 
case in making either iron or steel. In concluding my remarks as to 
the method of manufacture and the process in general, I may add 
that I do not think it is too much to expect, in view of the rapid 
strides already made, that in the future, further improvements and 
modifications will enable aluminium to bo produced and sold even 
at a lower price than appears at present possible. 


Properties of Aluminium, 

In its physical properties aluminium widely differs from all the 
other metals. Its colour is a beautiful white, with a slight blue tint. 
The intensity of this colour becomes more apparent when the metal 
has been worked, or when it contains silicon or iron. The surface 
may be made to take a very high polish, when the blue tint of the 
metal become manifest, or it may be treated with caustic soda and 
then nitric acid, which will leave the metal quite white. The 
extensibility or malleability of aluminium is very high, ranking with 
gold and silver if the metal be of good quality. It may be beaten 
out into thin leaf quite as easily as either gold or silver, although it 
requires more careful annealing. 

It is extremely ductile and may be easily drawn, especial care 
only being required in the annealing. 
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The excessiye sonorousnoss of aluminium is best shown by example 
(large suspended bar being sfcruok). Faraday has remarked, after 
experiments conducted in his laboratory, that the sound produced by 
an ingot of aluminium is not simple, and one may distinguish the 
two sounds by turning the vibrating ingot. 

After being cast it has about the hardness of pure silver, but 
may be sensibly hardened by hammering. 

Its tensile strength varies between 12 and 14 tons to the inch (test 
sample which was shown having been broken at 13 tons or 27,000 
lbs.), ordinary cast iron being about 8 tons. Comparing the strength 
of aluminium in relation to its weight, it is equal to steel of 88 tons 
tensile strength. The specific gravity of cast aluminium is 2 * 58, but 
after rolling or hammering this figure is increased to about 2 '58. 

The specific gravity of aluminium being 1, copper is 3*6, niokel 
3 • 5, silver 4, lead 4 • 8, gold 7 * 7. 

The fusibility of aluminium has been variously stati^d as being 
between that of zinc and silver, or between 600 ani 1000^ C. 

As no reliable information has ever boon ma le publie on this 
subject, my friend, Professor Carnelley, undertook to determine it. 
I was aware, from information gained at the works at Oldbury, that 
a small increase in the percentage of contained iron materially raised 
its point of fusion, and it has been undoubtedly due to this cause that 
such wide limits are given for the melting point. Under these cir- 
cumstances two samples were forwarded for testing, of which No. 1, 
containing ^ per cent, of iron, had a melting point of 700° C. ; whereas 
No. 2, containing 5 per cent, of iron, does not melt at 700^ and 
only softens somewhat above that temperature but undergoes incipient 
fusion at 730°. 

According to Faraday, aluminium ranks very high among 
metallic conductors of heat and electricity, and he found that it 
conducted heat better than either silver or copper. The specific heat 
is also very high, which accounts for length of time required for an 
ingot of the metal to either melt or get cold after being cast. 

Chemically, its properties are well worthy of study. 

Air, either wet or ^y, has absolutely no effect on aluminium at tho 
ordinary temperature, but this property is only possessed by a very 
pure quality of metal, and the pure metal in mass undergoes only 
slight oxidation even at the melting point of platinum. 

Thin leaf, however, when heated in a current of oxygen, bums 
with a brilhant, bluish white light. (Experiment shown). If the 
metal be pure, water bag no effect on it whatever, even at a rod-heat. 
Sulphur and its compounds also are without action on {t, while, 
under the same circumstances, nearly all metals would be decoloured 
with great rapidity. (Experiment shown using silver and aluminium 
under the same conditions.) ^ 

Dilute sulphuric acid and nitric acid, both diluted and concen- 
trated, have no effect on it, although it may be dissolved in either 
hydroehlorie acid or caustic alkali. Heated in an atmosphere of 
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chlorino it burns with a vivid light, producing alumininm chloride. 
^Experiment shown). In connection with tho subject it may be of 
interest to state the true melting point of the double chloride of 
aluminium and sodium, which has always been given at 170*^ to 180® C., 
but which Mr. Baker, the chemist to tho works, finds lies between 
125® and 180® C. 


Unes of Aluminium. 

Its uses, unalloyed, have heretofore been greatly restricted. This 
is, I believe, alone owing to its former high price, for no metal 
possessing the properties of aluminium could help coming into larger 
use if its cost were moderate. Much has been said as to the impossi- 
bility of soldering it being against its popular use, but I believe that 
this difficulty will now soon be overcome. The following aro a few 
of the purposes to which it is at present put : telescope tubes, marine 
glasses, eye glasses and sextants, especially on account of its lightness. 
Fine wire for the niaking of lace, embroidery, <fec. Leaf in the place 
of silver leaf, sabre sheaths, sword handles, <fec., statuettes and works 
of art, jew<dlrr,y and delicate physical apparatus, culinary utensils, 
harness fittings, metallic parts of solders’ uniforms, dental purposes, 
surgical instruments, reflectors (it not being tarnished by the pro- 
ducts of combustion), photographic appaiatus, acionautical and 
engineering purposes, and especially for the making of alloys. 

Alloys of Aluminium. 

The most important alloys of aluminium are those made with 
copper. These alloys were first prepared hy Dr. Percy, in England, 
and now give promise of being largely used. The alloy produced by 
tho addition of 10 per cent, of aluminium to copper, the maximum 
amount that can be used to produce a satisfactory alloy, is known 
as aluminium bronze. Bronzes, however, are made which contain 
smaller amounts of aluminium, possessing in a degree the valuable 
properties of the 10 per cent, bronze. According to the percentage 
of aluminium up to 10 per cent., the colour varies from red gold to 
pale yellow. The 10 per cent, alloy takes a fine polish, and has the 
coloiu’ of jewellers’ gold. Tlio 5 j)er cent, alloy is not quite so hard, 
tho colour being very similar to that of pure gold. I am indebted to 
Prof. Roberts Austen for a splendid specimen of crystallised gold, 
as also for a mould in which the gold at the mint is usually cast, 
and in this 1 have had prepared ingots of the 10 and 5 per cent, alloy, 
so that a comparison may be made of tho colour of these with a gold 
ingot cast in the same mould, for the loan of which 1 have to thank 
Messrs. Johnson, Matthey, & Co., all of which are before you. 

I have also ingots of the same size, qf pure aluminium, from which 
an idea of tho relative weights of gold and aluminium may be 
obtained. 

To arrive at perfection in the making of these alloys, not only is 
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it required that the aluminium used should be of good quality, but 
also that the copper must be of the very best obtainable. For this 
purpose only the best brands of Lake Superior copper should bo used. 
Inferior brands of copper or any impurities in the alloy give 
poor results. The alloys all possess a good colour, polish well, keep 
£heir colour far better than all other copper alloys, are extremely 
malleable and ductile, can bo worked either hot or cold, easily 
engraved, the higher grades have an elasticity exceeding steel, are 
easily cast into complicated objects, do not lose in remeltmg, and are 
possessed of great strength, dependent, of course, on the purity and 
percentage ot contained aluminium. The 10 per cent, alloy, when 
cast, has a tensile strength of between 70,000 and 80,000 lbs. per 
square inch, but when hammered or worked, the tost exceeds 
100,000 lbs. (A sample shown broke at 105,000 lbs.). 

An attempt to enumerate either the present uses or the possible 
future commercial value of these alloys is beyond my present purpc»se. 
I may, however, remark that they are not only adapted to take the 
place of bronze, brass, and steel, but they so far surpass all of those 
metals, both physically and chemically, as to make their extended 
use assured. (Sheets, rods, tubes, wire, and ingots shown.) 

But even a more important use of aluminium seems to be its em- 
ployment in the iron industry, of which it promises shortly to become 
a valuable factor, owing to certain effects which it produces when 
present, even in the most minute proportions. Experiments are now 
being carried on at numerous iron and steel works, in England, on the 
Continent, and in America. The results so far attained are greatly 
at variance, for whilst in the majority of cases the improvements 
made have encouraged the continuance of the trials, in others the 
result has not been satisfactory. On this point 1 would wish to say 
to those who may contemplate making use of aluminium in this 
direction, that it would be advisable before trying their experiments 
to ascertain whether the aluminium alloy they may purchase actually 
contains any aluminium at all, for some of thv so-called aluminium 
alloys contain little or no aluminium, ami this may doubtless 
account for the negative results obtained. Again, others contain such 
varying proportions of carbon, silicon, and other impurities, as to 
render their use highly objectionable. 

It seems to be a prevailing idea with some people, tliat becauso 
aluminium is so light compared with iron, that they cannot be directly 
alloyed, furthermore, that for the same reason, alloys made by 
the direct melting together of the two metals would not be equal to 
an alloy where both metals are reduced together. Now, at course, 
this is not the case, and the statement has been put forwarc^by those 
who were only able to make the alloys in one way. 

Aluminium added to molten iron and steel lowers theijr melting 
points, consequently increases the fluidity of the metal, and causes it 
to run easily into moulds and set there, without entrapping air and 
other gases, which serve to form blow -holes and similar imper- 
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fectiuiia It is already used by a large number of steel founders, 
and seems to render the production of sound steel castings mure 
certain and easy than is otherwise possible. 

One of the most remarkable applications of this property which 
aluminium possesses of lowering the melting-point of iron has been 
made use of by Mr. Nordenfelt in the production of castings of 
wrought iron. 

Aluminium forms alloys with most other metal'*, and although 
each possess peculiar properties which in the future may be utilised, 
at present they are but little used. 

In conclusion, I beg to call your attention to the wood models on 
the table, one being representative of aluminium, the other aluminium 
bronze. The originals of these models are now in the Paris Exhibi- 
tion, each weighing 1000 lbs. With regard to aluminium bronze, I 
cannot speak positively, but the block of pure aluminium is un- 
doubtedly the largest casting ever made in this most wonderful metal. 
I have to thank the Directors of the Aluminium Company, and 
especially Mr. Oastner, for furnishing mo with the interesting series 
of specimens of raw and manufactured metal for illustrating my 
discourse. 

[H. E. R.] 
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Friday, May 10, 1889. 

William Cbookes, Esq. F.E.S. Vice-President, in the Chair. 

Frofessob Dewar, MA. F.R.S. MM.I. 

Optical Properties of Oxygen and Ozone, 

In the course of experiments on the spectra of gases at high pressures, 
Professor Liveing and I have made observations on the absorption- 
spectrum of oxygen which confirm and extend the observations of 
Egoroff and Jansen. The interest of this spectium is so great, on 
account of the important part ^hich oxygen plays in our world, and 
its free condition in our atmosphere, that it deserves a separate 
notice. 

In order to include the ultra-violet rays in our observations wo 
have had to contrive windows of quartz to the apparatus containing 
the gases. A strong steel tube, 165 centimetres long and 6 centi- 
metres wide, was fitted with gun-metal ends, bearing by curved 


Fig 1. 





Quartz. 

Ciuii'Uictal 


surfaces upon the conical openings of the tube, and forced home by 
powerful screw-caps. Each gun-mctal end was pierced centrally by 
a conical opening fitted with a quartz stopper, 2*1 centimetres thick, 
and of the same diameter, with plane polished ends. A small amount 
of wax was interposed betu^een the stopper and the gun-mctal for the 
purpose of ensuring a uniform bearing for the quartz, whi«h is veiy 
brittle. Trial proved that the tube thus fitted would sustaid, without 
leakage, a pressure of upwards of 260 atmospheres. The tube had, 
besides, near each end, a screw-plug valve for admitting the gases. 
About the centre of the tube was placed a quartz lens, rather less 
in diameter than the tube, held in place by three springs which 
pressed against the walls of the tube. This lens had a focal 
length of about 46 centimetres ; so that when a source of light was 
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placed about 10 centimetres from one end of tbe tube, an image 
of it was formed on the slit of the spectroscope at about the same 
distance from the other end of the tube, and thereby loss of light, 
BO far as it was due to the distance of the source, was reduced to a 
minimum. 

Ordinary oxygen was let into the tube from an iron bottle until 
the pressure reached 85 atmospheres, and on viewing an arc light 
through the tube the following absorptions were visible : — 

(1) A very dark band sharply (lefined on its more refrangible 
side, gradually fading out on its less refrangible side, and divided 
into two parts by a streak of light, occupying the position of A of 
the solar spectrum. 

(2) A much weaker, but precisely similar band in the position of 
B of the solar spectrum. 

(3) A dark band very diffuse on both edges, extending from 
about A 6360 to A 6225, with a maximum intensity at about A 6305. 

(4) A still darker band a little above D. beginning with a diffuse 
edge at about A 5810, rapidly coming to a maximum intensity at 
about A 5785^ and then gradually fading on the more refrangible 
side, and dfisappeaiing at about A 5675. 

(5) A faint narrow band in the green at about A 5350. 

(6) A strong band in the blue, diffuse on both sides, extending 
from about A 4795 to A 4750. 

When photographs were taken of the ultra-violet part of the 
spectrum of the arc and of the iron spark, tlie gas appeared to be 
quite transparent for violet and ultra-violet rays up to about A 2745. 

From that point the light gradually diminished, and beyond 
A 2664 appeared to be wholly absorbed. 

The pressure of the oxygen in the tube was then increased to 140 
atmospheres. This had the effect of increasing sensibly the darkness 
of all the bands above described; but brought out no new bands, 
except a faint band in the indigo at about A 4470. In the ultra- 
violet tbe absorption appeared to bo complete for all rays beyond 
about A 2704. 

The foregoing observations were made with a spectroscope of 
small dispersion. Wo next brought to bear on the spectrum a large 
instrument with one of Rowland’s gratings. Even with the high 
dispersion of this instrument, the bands at A could not be resolved 
into lines; they remained two diffuse bands; though the red 
potassium-lines, which were produced by sprinkling the electrode of 
the arc with a potassium-salt, were sharply defined and widely 
separated. None of the other bands were resolvable into lines. This 
we attribute to the density of the gas, by which the lines are expanded 
so as to obliterate the mtcrspaces ; and this supposition is confirmed 
by the observation of Angstrom, that the band in the solar spectrum 
which appears to be identical with that observed by ns a little above 
D, was resolved into fine lines when the sun was high, but appeared 
as a continuous band when the sun was near the horizon* 
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On letting down the pressure the bands were all weakened ; A, 
though weaker, became more sharply defined at the more refrangible 
edge. The faint band in the indigo k 4470 remained just visible 
until the pressure fell below 110 atmospheres. At 90 atmospheres 
A and B were still ^ell seen and sharp, but all the other bands 
weaker. B remained visible until the pressure foil to 40 atmospheres. 
A was then still well seen, the band just above D very faint, and the 
others almost gone. At 30 atmospheres A was still easily seen, and 
there was a trace of the band above D. At 25 atmospheres this band 
had gone, but A remained visible until the pressure fell to less than 
20 atmospheres. Hence an amount of oxygon not greater than that 
contained in a column of air 160 metros long at oidinary pressure, is 
sufficient to produce a visible absorption at A. The quantity of 
oxygen in the tube at the highest pressure we used falls, however, far 
short of the quantity travel sed by the solar rays in passing through 
the atmosphere when the sun is vertical. 

It will be noted that the bauds, if we except the faint two in the 
green and indigo respectively, appear to be ^identical with those 
terrestrial bands in the solar spectrum which Angstiom found to bo 
as strong when the air vias dried by intense frost as at other times. 
At least the positions of the maxima agree closely, and that near D 
shows the same peculiarity in having its maximum near the loss 
refrangible end. We did not, however, observe a, which would be 
fainter than B, and if, like A and B, unresolvable, would be lost in 
the diffuse band which covers that legion. The bands above 
numbered 3, 4, 5, 6, agree also with those observed by Olszewski,* 
to bo produced by a layer of liquid oxygen 12 millimetres thick. 
The point also at which the absorption of the ultia-violeTra^s begins, 
agrees with that at which the absorption by ozone begins, iib observed 
])y Hartley f ; but the oxygen, as we used it, did not appear to 
tiausmit the more refrangible rays beyond 2320, which stem to pass 
through ozone. Egoroff} found that A remained visible when he 
looked through 80 metres of atmosphere, but 3 kilogi amines of 
atmosphere failed to produce a. 

When the piessure in our tube was reduced, a cloud was always 
formed which rendered the contents of the tube marly opaque; the 
faint light winch was then transmitted had always a green tinge. 

It 18 remarkable th^t the compounds of ox} gen do not show any 
similar absorptions. Angstrom thought it improbable that oxygen 
should have a spectrum of such a character, since he failed to 
obtain an emission spectrum resembling it ; and suggested that the 
absorptions might be due to carbonic ncid gas or to ozone, ot possibly 
to oxygen in the state in which it becomes fluoieKcent.§ J Neither 
carbonic acid gte nor nitrous oxide, at a pressure of 50 ati|iosphereB 
in our tube, show any sensible absorption in the v.siblo Ipectium ; 

♦ Wied *Ann,*xxxiii p 570 t sloinn rhem S<k* xxXix p .57 

J ‘ComptcH Kcndiiw,’ Cl p, 1 1 H ^ ’Sped Norm p II 
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and the absorption of the ultra-violet rays by the latter gas begins at 
a higher point, namely about A. 2450, than that of uncombined 
oxygen. In fact, we see the anomalies of the selective absorption by 
compounds as compared with that of their elements when we take the 
case of water, which has a remarkable transparency for those ultra- 
violet rays for which oxygen is opaque. 

These observations show that all stellar spectra observed in our 
atmosphere, irrespective of the specific ultra-violet radiation of each 
star, must be limited to wave-lengtKs not less than \ 2700, unless we 
can devise means to eliminate the atmospheric absorption by observa- 
tions at exceedingly high altitudes. 

We have extended our observations to much longer columns of 
oxygen. A steel tube 18 metres long (see Fig. 2) was fitted with the 
same quartz ends as had been used with the shorter tube, and with 
tw’O quartz lenses symmetrically placed inside the tube, one near 


Fig. 2. 
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Section of Steel Tube. 


each end, so that when an arc lamp was placed about 14 centimetres 
from one end of the tube, the image of it was formed on the slit of 
the spectroscope at the same distance from the other end. 

When the tube was filled with air only at ordinary pressure, no 
absorptions could bo detected, but when the air was replaced by 
oxygen at the pressure of the atmosphere the absorption of A was just 
visible, though neither B nor any other absorption-band could be 
traced. As the pressure of* the oxygen was increased, A became much 
darker and more distinct, and B came out sharply defined. The 
absorption-band about \ 5785 was next seen, and the dark bauds 
about \ 6300 and \ 4770, were just visible when the pressure reached 
20 atmospheres. 

At a pressure of 30 atmospheres A was very black, B also strong 
and sharply defined, and the foremention ed bands were all quite 
strong and had the same general characters as when seen through the 
shorter tube ; the band about A. 5350 also could be seen, but there 
was only a bare trace of that in the indigo about A. 4470. At 60 
atmospheres these last two absorptions could be well seen, all the 
other bands were very stiong, B still quite sharp, but A somewhat 
obscured by a general absorption at the red end. At 90 atmospheres 
this general absorption at the red end seemed extend to about one- 
third of the distance between A and B ; but A could still be seen, 
when the slit was wide, as a still darker band on a dark red back- 
ground ; B was still sharp, and the other absorptions all strengthened 
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and gome^hat expanded. The diffuse edges of several bands now 
extended from about— (1) X 6410 to 6190, (2) X 6865 to 5635, (3) X 5350 
to 5280, (4) X4820 to 4710, X4480 to 4455. 

Photographs taken when the pressure of the oxygen was 90 atmo- 
spheres show a faiut absorption-band about L of the solar apeotrum, 
a stronger band extending from about X 3600 to 3640, a broad diffuse 
band about the place of the solar line 0, and complete absorption 
above P. The accompanying diagram. Fig. 3, represents the ab- 
sorption of 18 metres of ordinary oxygen at a pressure of about 97 
atmospheres. 

The absorbent column in the tube at the highest pressure used con- 
tained a mass of oxygen about equal to that in a vertical column of the 
earth’s atmosphere of the same section as the tube ; but the intensity 
of the bands produced by the compressed gas was far greater than that 
of the corresponding bands in the solar spectrum with a low sun. 
When the arc light was replaced by a piece of white paper reflecting 
light from the sky through the tube, it appeared to the naked eye to 
have a faint blue tint, similar to that of liquid oxygen, which, com- 
paring our observation with Olszewski’s, seems to have the same 
absorptive po^eis as the dense gas, if we except A. This exception 
is probably only apparent, and due to the difficulty of observing A 
under the circumstances of Olszewski’s experiment. 

The greatly increased intensity of the absorption-bands at high 
pressures bears out Jansen’s observation, that in this group the 
absorption is proportional to the product of the thickness of the 
absorbent stratum into the square of its density, while the absorptions 
to which A and B belong vary directly as the density. 

The appearance, on looking through the tube when gas at high 
pressure is streaming into it, is very much like that of a black and 
a colourless liquid, which do not mix, being stirred together, and the 
tube soon ceases to transmit any light. Transparency returns as the 
dens ty becomes uniform. Currents produced by heating the tube at 
one or two points produce a similar effect, and show that such currents 
in the atmosphere of a star may stop all rays coming from its 
interior. 

We hope before long to get the tube fitted with rock-salt cuds 
and lenses, and to determine the total absorption of radiation by 
similar masses of oxygen, nitrogen, and hydrogen. 

[J.D] 



Friday, May 17, 1889. 

John Eak, M.D. LL.D. F.B.S. Vice-President, in the Cbair. 

Professor Silvanus P. Thompson, B.A. D.Sc. M,RJ. 

Optical Torque.* 

Seventy-eight years have elapsed since the first discovery, by Arago, 
of the remarkable chromatic effects produced by slices of quartz 
crystals upon light, previously polarised, which was caused to traverse 
them. These effects were shown, one year later, by Biot, to be caused 
by a peculiar action of tlie quartz in rotating the plane of polarisation ; 
the amount of the rotation being different for lights of different 
colours. Ever since then, the rotation of the plane of polarisation of 
light has been a topic familiar to physicists. It has stimulated the 
devotee of research to an endless variety of experiments and sug- 
gestive speculations : it has lured on the mathematician to problems 
which tax his utmost skill ; it has afforded to the lecturer an array 
of beautiful and striking illustrations. Here, in this place, made 
classical by the researches and expositions of Thomas Young, of 
Michael Faraday, and of William Spottiswoode, and last, but not 
least, by the labours of those eminent men whom we rejoice still to 
number amongst the living — hero, I say, on this classic^ound, the 
rotation of the plane of polarisation of light is almost a household 
word, and its phenomena are amongst the most familiar. We know 
now that not only certain actual crystals, such as quartz, bromate of 
soda, and cinnabar, rotate the plane of polarisation, but that many 
non-crystalline bodies — liquids, such as turpentine, oil of lemons, 
solutions of sugar and of various alkaloids, and even certain vapours, 
such as that of camphor — possess the same property. 

In 1845, at the very culminating point of his unique career of 
research, Faraday open^ a new field of inquiry, linking together for 
the first time the science of optics with that of magnetism, by his 
discovery that the rotation of the plane of polarisation of light could 
be effected by the application of magnetic forces. This effect he 
observed first in his peculiar “ heavy- glass,” when it lay in a powerful 
magnetic field. Subsequently he found other bodies to possess 
similar properties: some of these being magnetic liquids, ^ such as 
solutions of iron, others being diamagnetic. Time will onl^ permit 
me in passing to refer to the researches of Yordet, and those? of Lord 
Bayleigh and of Mr. Gordon upon the numerical value^ of the 


* The blocks of the woodcuts illustrating this discourse have been kindly lent 
by the publishers of Nature. 
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magneto-optic rotation in these suhstances. H. Bccquerel has ex- 
tended them to gases, and has shown how the magnetism of the earth 
rotates the plane of polarisation of the light which, previously polar- 
ised by reflection from the aerial particles which give the sky its 
blue tint, passes earthward through the oxygen of the air. 

Other experimenters have dealt with the rotatory eflects (whether 
crystallino, molecular, or magnetic) in relation to lights of different 
colours, and have studied the dispersion which arises from the 
greater actual angle of optical torsion which is produced upon waves 
of short wave-length (violet and blue) than that which is j>roduccd 
under the influence of equal rotatory forces upon the waves of longer 
wave-length (red and orange). It has also been demonstiated that 
the plane of polarisation of waves of invisible light, whether those of 
the infra-red, or those of the ultra-violet species, if they have been 
previously polarised, can be rotated just as can that of waves of 
visible light. 

In 1877, Dr. Kerr, of Glasgow, discovered a point which Faraday 
had sought for, but fruitlessly — namely, that in the act of reflection 
at the pole or surface of a magnet, there is a rotation of the plane of 
polarisation of light. This discovery was completed in 1884 by 
Kundt, of Strasbiirg, by the further demonstration, also dimly fore- 
seen by Faraday, that a magneto-optic rotation of the plane of polari- 
sation is caused by the passage of previously polarised light through 
a normally magnetised film of iron so thin as to be transparent. 

Lastly, in this brief enumeration, we were shown a month ago, by 
Oliver Lodge, liow the magnetic impulses generated by the rapid 
oscillatory discharges of the Leyden jar can produce corresponding 
rapid oscillatory rotation in the plane of polarisation of the waves 
of previously polarised light. 

You will not have failed to notice the cumbrous phrase which, 
whether in speaking of the purely optical effects (of quartz, or sugar, 
or turpentine), or in speaking of the magneto-optic eflects of more 
recent discovery, I Lave employed to connote a very simple fact. 
You may have wondered that any lover of simple English speech 
should indulge in such sesquipedalian words. 

Of course, at this period of the nineteenth century it is no longer 
open to debate that light consists of waves. The plane of polarisation 
of the waves of light is the jilauo of polarisation of the light itself. 
The rotation of the plane of polarisation is the rotation of the polar- 
ised waves, and therefore of the polarised light itself. Yet 1 must 
draw attention to the fact that in all the army of discoveries which 
I have enumerated, that which had been observed was the rotation — 
whether by crystalline, molecular, or magnetic means — not of 
natural light, but of light which had by some means been previously 
polarised. It was not known to Arago or to Biot, to Fresnel, to 
Faraday, nor even to Spottiswoodo or to Maxwell, that natural 
unpolarised light could be rotated. They may have inferred so, but 
it was not in their time even demonstrable that a beam of circularly- 
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polarised light could bo rotated upon itself in the same sense as that 
in which a beam of plane-polarised light can be rotated. 

That light of any and every kind, however completely polarised or 
devoid of that which is called polarisation, can be, and in fact is, 
rotated when it passes across a slice of quartz or along a magnetic 
field, is a wider generalisation of more recent date ; but one of the 
reality of which I hope to convince you before the warning finger 
of the clock puts a period to my discourse. 

In order the better to enable this audience to comprehend the 
ultimate significance of this discovery, I must claim the indulgence 
of those amongst them who are already familiar with the subject of 
the polarisation of light, whilst I go back to the most simple ele- 
mentary matters. Having illustrated the fundamental facts about the 
plane of polarisation of light and its twisting, I shall then go on to 
methods of precisely measuring the amount of optical torsion pro- 
duced by the various substances under various conditions. And after 
dealing with the magnetic as well as the crystalline and molecular 
methods of producing optical torsion in the case of light that has been 
previously polarised into a given plane, 1 shall be in a position to 
speak of the nature of the torque,* or twisting force, which in the 
several cases produces the torsion; and shall finally endeavour to 
indicate the scope of the researches by which it is now definitely 
ascertained that the very same optical forces which are capable of 
impressing a rotation upon light which has been artificially polarised 
into a definite plane, are also capable of impressing a rotation upon 
natural non-polarised light. 

At the outset, to elucidate to any who may not comprehend the 
meaning of the term polarisation as applied to wave-motion, 1 will 
show a simple apparatus, constructed from my designs by Mr. Groves. 
In this there are two 'sets of movable beads, fixed upon stems which 
pass into a box containing a piece of mechanism actuated by means 
of a handle. These beads, when I turn the handle, oscillate to and 
fro in definite directions, and, by their successive motions, give rise 
to progressive waves. One set of beads, tinted red, executes move- 
ments in a plane inclined 45® to the right, another set, silvered, 
simultaneously executes movements at 45® to the left. There are 
therefore here two waves, the planes of polarisation of their move- 
ments being at right angles to one another. Their velocity of march 
is equal ; but in this m^el, as a matter of fact, their phases differ by 
one-quarter — that is to say, each successive wave of the one sot is 
always a quarter of a wave-length behind the corresponding wave of 
the other set. [Model exhibited.] 

♦ The oouvenieut term Torque was first proposed by Prof. James Thomson, of 
Glasgow, for the older and more cumbrous phrase ** moment of o&pJe,*’ or 
“ angular force.” Its general acceptance by engineers justifies the exten|ion of the 
term to optics. As a mechanical torque is that winch produces or tends to 
produce mechanical torsion, so optical torque may be defined as that winch 
produces or tends to produce optical torsion. 
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Now, in the case of waves of natural light from all ordinary 
sources— ' sun, stars, candles, gas-flames, or electric lights — the waves 
emitted are not found to bo polarised. That is to say, their motions 
are not executed in any particular plane, nor even in any particular path 
of any kind ; they appear to be absolutely heterogeneous at least so far 
as this, that no vibration of the millions of millions emitted in a second 
of time is followed by more (on the average) than about 60,000 vibrations 
of a similar sort, executed along a similar path — the plane of the polari- 
sation, if any, changing after the lapse of such an incredibly short 
time that for most purposes the vibrations in diiferent directions are as 
inextricably mixed as if they had all been simultaneously jumbled up. 
Since, then, natural light is non-polarised or miscellaneous, the pro- 
duction of polarised light must be brought about by the employment of 
polarising apparatus or agents which will so operate on or affect the 
mixed waves as to bring their vibrations into one direction — or, what 
amounts to the some thing, transmit the light whilst destroying or 
absorbing those parts of the vibrations which are executed across the 
desired lino of vibration. So we have polar isers consisting of tour- 
maline slices ; oblique bundles of thin glass plates ; black - glass 
reflectors 5 and Nicol prisms cut from calc-spar. About the two 
latter 1 may be permitted a passing word presently. These objects 
polarise, i. e. turn into one plane, the vibrations of light falling upon 
them. A rough mechanical illustration may here be permitted me. 
A long indiarubber cord is passed through the open ends of a box 
provided with vertical partitions. Fig. 1 shows the arrangement. 
These partitions confine the motion of the cord, and eflectually polarise 
the vibrations which I now impart to the cord by shaking the end of 
it to and fro. If the partitions are vertical, the box polarises, into 
vertical vibrations only, the miscellaneous vibrations which are sent 
to it. If rotated until its partitions are horizontal, it polarises the 
vibrations into a horizontal position. 

Let us now turn to the optical analogue of this experiment. The 
large Nicol prism which I introduce into the field of the electric- 
light lantern, polarises the light, so that tho vibrations are executed 
simply in an up-and-down direction. Your eye will not detect this, 
tho motion being millions of times too rapid. To detect the direction 
an analyser is necessary. For this purpose a second apparatus of 
the same sort is used, for then, by crossing the positions of the two, 
tho whole of tho light is cut oflf ; tho second Nicol prism, if set so as 
to transmit only horizontal vibrations, cutting off the vertical 
vibrations that are sent through the first prism. So, while the first 
prism serves as a polariser, the second serves as an analyser to detect 
by cutting them off when turned to the proper position, tho direction 
of tho polarisation which had boon previously impressed by the first 
prism. 

Here I may illustrate tho action of the analyser for determining 
the plane of polarisation of the vibrations by tho extinction which it 
produces whou turned to the crossed position. For this purpose I 
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have refined upon the box with partitions, using instead parallel 
plates of glass mounted in wooden cylinders, whilst for the cord 
swung by hand I am using Professor Schwedoff^s device, and am 
producing the vibrations in this silken cord by means of an electri- 
cally-driven tuning-fork (Fig. 2). At the first nodal point of tho 
stretched cord a pair of parallel glass plates act as a polariser, the 
cord beyond that point vibrating in the plane thus imposed upon it. I 
can alter this plane at will by rotating the polariser. This polariser, 
P, consisting of a pair of glass plates, is mounted in a cylindrical 
mount, and is provided with an arrow to indicate their direction. 
If now at any subsequent node I introduce a second such device, it 
will act as an analyser, A. This excellent suggestion is due to M. 
Mac^ de Lepinay. In Fig. 2 the polariser and analyser arc parallel. 
You see (Fig. 3) how tho vibration is Extinguished when the positions 
of analyser and polariser are crossed. Half a degree of error in the 
position of the analyser produces something less than perfect extinc- 
tion of the vibrations. Hence it is possible, by this analyser, to 
determine the plane of the vibrations to the accuracy of half a 
degree. I should say that the whole of this model has been con- 
structed by my assistant Mr. Eustace Thomas. 

Now let me show you the optical effect which corresponds to this. 
Placing a second Nicol prism as analyser in the path of the polarised 
waves, I turn it to the position where it cuts off the polarised 
light. The “ so produced by tho crossed Nicol prisms 

corresponds to the motionless cord beyond the crossed analyser of 
the acoustic apparatus. 

Beturning for a moment to two well-known forms of polarising 
apparatus, viz. tho black glass reflector and tho Nicol prism, I may be 
permitted to refer to some recent attempts to improve upon these 
deviecs- 

Tlie Nicol prism, as is well known, consists of a rhomb of 
Iceland spar cut into two pieces, which are reunited by a film of 
Canada balsam. As originally devised, 
Fig. 4. it had oblique end faces (Fig. 4) and a 

comparatively narrow angle (19^) of 
aperture. These may be noticed in the 
small example which I here exhibit, which 
is an original constructed by William 
Nicol himself. It also has the disad- 
vantage of giving a field in which tho 



, . 1 ^ directions of the planes of polfiriBation 

strictly parallel to one another 
axis. throughout its whole extent. Consequently 

there is never complete extinction^ of light 
all over the field at one time. Hartnack and others have 


attempted to remedy this by giving the prism a differeht form 
and using other materials than Canada balsam. I have from time 
to time made many attempts to improve upon the original construction. 
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First, I have made the end faces principal planes of section (Fig. 6) ; 
secondly I have made the axis of vision cross the crystallographic 
axis at right angles, so getting a flatter field, a shorter length, a 
wider angle, and less loss of light by reflection. Mr. Ahrens, the 
prism-cutter, on whose able assistance I have relied during the last 
six or seven years in cutting these prisms, has aided me with his 
ingenuity in devising a method of cutting up the spar so as to give 
these advantages with a minimum waste of material. He has further 
devised a method of putting a polarising prism together in three 


Fig 5. Fig. 6. 



S. P. Thompson’s modification of the Nicol prism. Ahrens’s triple prism. 

instead of two pieces — illustrated in the diagram (Fig. 6) — which 
gives a still wider angle. The prism which I shall use as analyser 
in the next experiments is one of these forms. 

Unfortunately at present there is a spar-famine, pieces of Iceland 
spar of a size and purity suitable for the making of large polarisers 
such as that I employ being not now procurable at any price. To 
avoid the excessive cost of large Nicols I have lately got Mr. Ahrens 
to construct for me a large reflection-polariser, on the plan of 
Delezenne, but modified by Mr. Ahrens in detail. In this prism the 
light is first turned to the proper polarising angle by a large total- 
reflection prism of glass, and then reflected back, parallel to its 
original path, by impinging upon a mirror of black glass covered by 
a single sheet of the thinnest patent plate glass to increase the 
intensity of the light. This form of polariser, depicted in Fig. 7, is 
quite equal for projection purposes to a Nicol prism of equal aperture, 
and is much less costly. This one has inches clear aperture. 

Having so far reviewed the apparatus for polarising and analysing 
I will return to the apparatus set with its prisms crossed, so that the 
analyser completely extinguishes the polarised light emitted from the 
polariser. 

If in the space between polariser and analyser anything be intro- 
duced which can either resolve obliquely the polaris^ vibrations or 
twist them bodily round, then there will not be complete extinction ; 
the amount of light passing the analyser depending in the one case 
on the obliquity of the resolution, in the other upon the degree to 
which the vibrations are twisted or rotated upon themselves. 
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Tho effect of oblique refiolution I may illustrate by introducing a 
slice of tourmaline between the crossed Nicole, and rotating it till it 
stands at 46^ ; or, in the acoustic model, by introducing an oblique 
pair of guide pins. 

The other case — namely, that of producing a bodily twist of the 
vibrations, rotating the plane of polarisation around the path of the 
wave — is not so easily illustrated by the model. But it is optically 
perfectly simple; all that is requisite is to introduce between the 


1 10 . 7 



Ahrens’s redectiug polariser 


crossed Nicols a thin slice of that crystal — namely, quartz — in which 
this effect of rotating the plane of polarisation was first obse^ed. 

I take a clear plate of quartz, just 1 millimetre in thickitess, and 
interpose it between the crossed Nicol prisms. You will i|oto how 
the introduction of this plate of quartz brings some light intofview. 

Suppose we now turn the analyser to try and obtain ex|inotion : 
we get tinting. If we put in a coloured glass so as to work with one 
kind of light only, we shall get extinction at a particular angle. The 
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table of data to which I invite your attention states this amount for 
the different colours. 


Optical Torsion Produced by Plate op Quartz. 


Red 


1 millimetre. 

lo" 

3 '76 millimetres. 

0 

71*2 

OraDge 


21*5 .. 

80*6 

Yellow 


24 

90 

Green 


29 

108*7 

Peacock 


31 

116*2 

Blue 


35-5 .. 

133- 1 

Violet .. 


42*8 .. 

161 


If we use a piece of quartz so thick that it rotates any 
particular tint just 90°, that tint will be cut off by the crossed 
analyser, and all others will — in greater or less proportion — be 
transmitted, so that the resulting tint will be complementary to 
that cut off. For example, a slice so thick as to twist yellow 
waves round 90° must be just 3*76 millimetres thick. (I may 
remark, for the benefit of those who think it easier to express this 
exact thicknbK: in fractions of a British inch, that the quartz which 
rotates yellow light 90° must have a thickness equal to one-eighth, 
plus three-sixteenths of an eighth, plus one sixty-fourth of an eighth of 
an inch.) When such a quartz is placed between the crossed Nicols 
the light shown is yellow ; but if placed between parallel Nicols (i. e. 
in the bright field) it shows a rich purplish- violet colour, the complex 
mentary of the yellow. This particular tint Biot found to be 
excessively sensitive, the smallest inaccuracy in adjustment between 
the prisms at once producing a change, the colour appearing too red or 
too blue, according to the directions in which the analyser has been 
turned out of exact adjustment. This tint is accordingly known as the 
“ transition tint ” or “ sensitive tint,” its accurate definition being due 
to the fact that the human eye is more sensitive to the presence or 
absence of the complementary yellow than to any other tint in the 
whole spectrum. If we take, however, a quartz plate twice as thick 
as this — namely, 7^ millimetres thick — it will give the yellow light a 
torsion of 180°. Hence this thickness gives the purple transition tint 
in the dark field, and yellow in the bright field. A quartz plate 11;! 
millimetres thick gives again a transition tint in the bright field. 1 
shall recur presently to the question of the transition tints of the 
several orders. 

One of the familiar facts in this subject is that there are two kinds 
of quartz crystals, optically alike in every other respect, differing 
only in this, that one kind produces a right-handed twist, the other 
kind a left-handed twist. AH the pieces of quartz I have so far em- 
ployed are right-handed specimens. I now introduce two small 
slices of crystal, each 8*76 millimetres thick, giving the yellow tint 
when the Nicols are exactly crossed, but you will notice that when 
we are using the right-handed crystal, the tint grows reddish as the 
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analyser is turned towards the left, and greenish when the analyser 
is turned towards the right ; whereas, when I substitute the left- 
handed slice, the tint grows greenish as the analyser is turned towards 
the left, and reddish when it is turned towards the right. If the 
analyser is turned through an exact right-angle, we get an extinction 
of the yellow light, the remaining blue and red rays combining to 
give us the purple transition tint. 

You will have noticed that the way in which we have (approxi- 
mately) measured the angle of rotation has been first to set the 
analyser to extinction, then to introduce the substance which has the 
property of rotating the beam, then to turn the analyser again to ex- 
tinction, and read off its angle. For, of course, the angle through 
which the analyser is turned measures the angle through which the 
plane of polarisation has been turned. 

It is possible, however, to show in the lantern something like a 
more obvious rotation of the light by introducing between the Nicola 

a crystal star, built up of radial 
p « pieces of mica, twenty-four in number 

^ ‘ * (Fig. 8). You see in the bright 

held a white cross with black sectors 
at 45®. Or, in the dark field we have 
a black cross with vortical and 
horizontal arms, the sectors next to 
those that are black seeming dusky. 
If now I put in a quartz plate 
between the star and the analyser, 
you see the cross shifty round, and 
it shows colours, because the blue 
rays are twisteil round more than 
the green, the green than the 
yellow, the yellow than the red. 
Repeating the experiment with 
the 3 ’76 millimetre quartz which 

Micadisk of twenty-four rays, tums yellow waves round just 90®, 
showing black cross in the dark field. 4 . av:.. ^ j- x* i 

^ we get this gorgeous radiation of 

colours, and our black cross is turned 
into a yellow one. With the 7*5 millimetre quartz, the black cross 
is replaced by one of “ transition ** tint. 

The black crosses seen in certain sections of natural crystals, 
^hoBroliths, sections of stalactites, crystallisations of salicino and of 
Epsom salts, may also be used instead of the 24-rayed star of mica. 
But best of all I find to be the beautiful black cross which is seen by 
polarised light in the prepared crystalline lens taken from tpe eye of 
a fish. You notice how, when the fish-lens is projected and the quartz 
introduced, the cross tums round. 

This is, however, a rough-and-ready way of displaying the rotation, 
and it is of vast practical importance that precise methods of measur- 
ing the angle of rotation should be available — of vast importance, 
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because in several large industries this optical process is applied as a 
method of rapid analysis. I have named a solution of sugar as being 
an active ” substance. In the industry of sugar-refining, as in that 
of brewing, the strength of sugar in the liquids is directly measured 
by measuring its optical effect. Consequently there has been deve- 
loped a special instrument, the polarimetery for this express purpose. 

1 have here examples of several practical forms of polar imeters ; 
there are diagrams of several more upon the walls. 

The problem of finding the best polarimetcr naturally leads to 
the inquiry wbat special means there are for making the observation 
of the angle more precise than by merely observing the extinction of 
the light, its restoration when the active substance is interposed, and 
the subsequent renewal of extinction when the analysing prism is 
turned. 

Biot considered that much greater accuracy could be attained by 
watching for the restoration of the sensitive tint than by watching for 
the more restoration of extinction of the light. Accordingly we will 
use the plate of quartz 7*5 millimetres thick, giving the purple tint, 
to enable us^to measure the rotation produced by the tube of sugar 
solution which is iiow inserted in the beam of polarised light. You 
notice how the tint has changed. But I have only to turn the 
analyser to an amount equal to that to which the light has been 
twisted by the sugar, and again I obtain the sensitive transition tint. 

The eye is not always, however, alive to minute changes of colour 
in a single coloured patch ; it much more readily distinguishes a 
minute difference between two tints when both are present at once. 
Hence Soleil devised the well-known biquartz arrangement, consisting 
of two pieces of crystal, c<£ual in thickness, but possessing opposite 
rotations. You will notice how the slightest inaccuracy in placing 
the analyser causes the two halves of the field to differ in tint. This 
is especially marked when the tint chosen is the transition purple. 

It will bo convenient here for me to refer to some researches, not yet 
published, which I have made, as to the various orders of transition 
tints, with the view of ascertaining which of them is the most sensitive 
— which of them, in fact, shows the greatest change of tint for the 
smallest amount of rotation. Reference to the diagram on the wall 
displaying Newton’s tints will make clear what 1 mean by the transi- 
tion tints of the several orders. The tints obtained from quartzes of 
varying thicknesses may bo considered as approximately identical 
with the tints of Newton’s rings, provided wo remember that the air- 
film which gives any particular tint in Newton’s rings is about 
1/300,000 part as thick as the quartz which yields the corresponding 
tint in the polariscope. Better far than any painted diagram, because 
richer and purer, are the tints now thrown upon the screen by intro- 
ducing into the field a thin wedge of seleniU. displaying the whole of 
the colours of the first three orders of Newton’s scale. You will 
notice the successive recurrence of purple tints, both in the 
colours seen in the bright field, and in those seen in the dark field. 
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First 1 will show yon the transition tints of the first and second 
orders in the bright field. That of the second order is much less 
intense than that of the first ; and yet it is very sensitive, turning to 
a green tint whilst the first order purple has only turned to a blue. 
On the other hand, with reversed rotation of the analyser it turns to 
red less rapidly than does the tint of the first order. 

Next I take the transition tints of orders I., II., and III. in the 
dark field. These, though arranged, by means of superposed half- 
disks of “quarter- wave” plates, to be optically equivalent to biquartzes 
of two rotations, are reaUy built up of selenite and mica. You will 
notice how the tint of order I. surpasses in sensitiveness both 
the others. I cannot here show you on the screen the means 
by which I have compared the tint of order I. in the dark field with 
that of order I. in the other set. Suffice it to say that I find the tint 
of order I. in the dark field — corresponding to 7 • 6 millimetres thick- 
ness — more sensitive than that of order I. in the bright field, which 
corresponds to 3 * 75 millimetres thickness. 

A method which was at one time supposed to be more precise, 
was that of placing a spectroscope (or its prism) in front of the 
analyser, and watching the motion along the spectrum of the inter- 
ference bands which are then seen. My three pieces of crystal remain. 
I introduce a slit in front of them, also a single film of quartcr-wavo 

mica, and then a prism to 
Fig. 9. give the spectrum. This 

prism (Fig. 9), by the way, 
is a new sort of direct- 
vision prism, having a 
single very wide - angled 
prism of Jena glass inclosed 
in a cell with parallel ends 
containing cinnamic ether 
(first recommended by 
Wernicke), a liquid which 
has the same mean refrac- 
tive power but widely differ- 
ent dispersion. It is pre« 
Dircct-visiott prism for projection of spectrum, ferable to bisulphide of 

carbon in several respects ; 
its odour is a delicate reminiscence of cinnamon ; it is barely 
volatile ; and it is whiter than bisulphide. This prism, which is 
shown also in plan in Fig. 10, was constructed for me by Messrs. E. 
and J. Beck. It will be seen that the dark bands in the E|>ectrum 
are nebulous and ill-defined. It was proposed to secure accuracy 
by turning the analyser until they shift along to a definite point. 
But their Want of definition prevents precision. There is nO advan- 
tage in using the higher orders of tints which give more banijds ; for, 
though the l^nds are certainly better defined, their progressian across 
the spectrum for a given amount of rotation is proportionally smaller. 
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Another suggestion, due to S^narmont, is to use two sets of super- 
posed wedges of right- and left-handed quartz. Such you now see 
before you. Instead of starting with extinction you start with ooinci- 

Fio. 10. 



dence betwe^r* the upper and lower set of bands. Any rotation of the 
light shifts the bands, one sot moving to left, the other to right. 
By turning the analyser through an equal angle coincidence is again 
obtained. 

Another method, used by Wild in his polaristrobometer, is to 
produce the phenomenon known as Savart^s bands (due to the intro- 
duction of two crossed slices of quartz cut at a particular angle). 
The bands disappear when the analyser is set in a particular direction. 
Anything that twists the plane of polarisation causes them to reap- 
pear ; but they again fade out when the analyser is turned through 
an equal angle. 

There is another method in exact polarimetry, due to Soleil, in 
which the optical torsion due to the sugar is counterbalanced or 
compensated by introducing a pair of sliding wedges of quartz of 
the opposite rotation. This device is known as a “compensator.” 
By sliding the quartzes over one another a greater or less thickness 
of quartz is introduced at will. But 1 must not stop to illustrate this 
elegant device. 

Yet one other method must bo mentioned, and this is certainly 
the most preferable. It consists in aiding the eye to recognise with 
precision a particular degree of extinction, by the device, first suggested 
in 1856 by Pohl, of covering a portion of the visible field with some- 
thing which slightly alters tho initial plane of polarisation, so that 
complete blackness is not obtained at once over both parts of the 
field. A common device is to cover half the field with a slice of some 
thin crystal — mica or quartz — so that only one half can be perfectly 
black at any instant. As an example, here lo the field covered half 
over with a plate of mica of the thickness known as half-wave. The 
result is that when one half of the field is black the other is light. 
Adjust tho analyser now to equality. Now introduce something that 
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rotates the light — say a tube with sugar solution in it. At once 
the balance is upset, and 1 must, in order to get equality of illumi> 
nation, turn my analyser through an angle equal to that of the 
optical torsion. 

Of the same class are the polarimet^rs with special prisms made 
in two parts slightly inclined to one another. The earliest of these 
was devised by the late Professor Jellett, of Dublin, and has been 
followed by imitations of the same plan by Cornu, by Lippich, and 
by Schmidt and Haensch. The beautiful “ shadow polarimeter,” by 
the latter firm, which 1 here exhibit, has the divided prism, and a 
quartz compensator. 

1 have suggested two simpler methods of accomplishing the same 
end. In the first place, I have proposed to use ticin-prismsn These 
are made on a plan suggested to me by finding that Mr. Ahrens’s 
method of cutting calc-spar for prisms was admirably adapted for 
making such prisms, either with wide or narrow angles between the 
respective planes of polarisation in the two parts of the visible field. 
Two such twin-prisms, one with 90®, the other with 2^®, between the 
prisms, are here on the table. In the second place, I have essayed a 
polarimeter, an example of which is before you, in which an arrange- 
ment of twin-mirrors (each set at the polarising angle, but slightly 
inclined to one another) is made to yield a half-shadow effect. 

Before I leave the subject of quartz I must refer to the famous 
mathematical theory of Fresnel, who endeavoured to explain its action 


Fig 11. 



Modtl illustiatiDg recomposition of rectilineal motion from two op])Obite ciicuLir 

motions. 

upon light by supposing that the plane -polaiised wave on enteiing it 
is split into two waves, consisting of oppositely circularly-polarised 
light, which traverse the crystal with different speeds. On emerging 
they recombine to form plane-polarised light, the piano of which, how- 
ever, depends on the retardation of phase between the two copiipononts. 
I here introduce a mechanical model to illustrate one of th^ points in 
this theory — nimaely, the recombination of two circular to 

form a straight-line motion. These two disks (Fig. 11), \fbich turn 
in opposite senses, but at equal rates, represent two circularly-polarised 
beams of light. The linkages, which connect two pins on these disks, 
compound their motions at the central point, P, which ctocutos, as 
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you see, a straight line. But now, suppose one of these circular 
motions to be retarded behind the other, an effect which 1 can imitate 
by shifting one of the pins to another position on the disk. Still the 
resultant motion is a straight line, but it is now executed in a direc- 
tion oblique to the former. In other words, its plane has been rotated. 
Of course this model must not be taken as establishing the truth of 
Eresners ingenious theory ; it is at best a rough kinematical represen- 
tation of it. 

We have, however, the puzzling fact still to account for that there 
should be two kinds of quartz crystals, right- and left-handed. Sir 
John Herschel first showed that natural crystals of quartz themselves 
often indicated their optical nature, by the presence of certain little 
secondary faces or facets which lay obliquely across the corners of 
the primary faces. These are indicated in the diagrams (Figs. 12 
and 13), and may be seen in two of the specimens of quartz crystals 

Fia. 12. Fig. 13. ^ 



Quartz crystal, showing characteristic Quartz crystal, showing characteristic 

facets : right-handed, facets : left-handed. 

which lie upon the table. The largest of these is right-handed. The 
wider generalisations of Pasteur, respecting the crystalline form of 
optically active substances, show that those substances which exercise 
an optical torque, whether as crystals or in solution, belong to the 
class of forms which the crystallographer distinguishes as possessing 
non-superposable hemihedry. In other words, they all show skew 
symmetry, as if in the growth of them they had been built up in some 
screw-fashion around an axis, and must therefore be either right- 
handed or left-handed screws. By piling up a number of wooden 
slabs in skew-symmetric fashion, I am able roughly to illustrate 
(Figs. 14 and 15) the difference between the right-handed and the 
left-handed structure. It is a curious fact, if I am rightly informed, 
that down to the present date the only substances possessing this skew 
symmetry are natural substances ; that those which the chemist can 
produce by artificial synthesis are all optically inactive. It is per- 
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baps equally significant that as yet no inorganic substances have been 
found which will in the liquid state rotate the light. This appears 
to be a property possessed solely by certain compounds of carbon. 

Fig. 14. Fig. 1.^. 



Skew-symmetiical arrangement: 
right-handed. 



Ske\v-!»ymmetriuil anangomcnt : 
left-handed. 


Quartz fused in the blowpipe or dissolved in potash shows no trace 
of rotatory power. 

Yet we can have little doubt that this property is bound up in 
the yet unravelled facts of atomic and molecular structure. In the 
case of the liquids, such as turpentine, and sugar solution, there must 
be seme skew symmetry in the grouping of atoms in flTe molecule to 
produce the result. In the case of quartz, there must be a skew in 
the building of the caolecules ; there must — to borrow a phrase from 
the architect — be an oblique bonding of the minute bricks of wliich its 
transparent mass is builded. Though we cannot even rebuild it from 
its solution, we know this must bo so, for we can reproduce all the 
optical phenomena which it exhibits by an actual skew building of 
thin slices of another non-rotatory crystal. Here is an artificial ob- 
ject (I built it myself) constructed on Reuseh’s plan, from sixteen 
thin slips of mica built up in staircase fashion — right-handedly — one 
above the other, and set symmetrically at equal angles of 45^^ to one 
another, the whole sot making a cork-screw of two complete turns. 
In the lantern it behaves just as a quartz of about 9 millimetres thick- 
ness would do. It even gives tolerably perfect rings, as quartz does, 
when viewed by convergent light. j 

I must now pass hastily onwards to the great discovery of Fara- 
day. Here (Fig 16) is a magnetising coil of wire M, haiifing about 
8300 turns, and enclosed in an iron jacket. When it is tri^versed by 
a powerful electric current from the dynamo machine, it prjpducos an 
intense magnetic field along its axis. In this axial position lies a bar 
of heavy glass, not quite so dense as that which Faraday himself used, 
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but nearly so. The bar lies along the line of light from our lantern, 
but the polariser P (the Ahrens reflector, Fig. 7), and analyser A 
(the Ahrens triple spar prism, Fig. 6), are crossed, so that here is tho 
dark held. On turning on the current, light is at once restored, 
being twisted to the right when the current circulates right-handedly. 
To measure the rotation, I must turn the analyser ; and now I find 
that, owing to the greater rotation of blue waves than of red, complete 
extinction does not occur. Introducing a half-shadow plate, and 
using coloured glasses, it is very easy to verify the greater amount of 
rotation for blue light, and to show that reversing the current reverses 
the rotation. You will perhaps better understand it if I use (as in 
Fig. 16) the 24-ray star S, which I have previously employed. It is 
now obvious to you that there is a largo rotation— over 60^ in fact — 
which is reversed when I reverse the magnetising current. We have 
here the fundamental experiment of magneto-optics. But now we meet 
with another consideration. Eeflect that the circulation of current, if 
it be taken as right-handed when regarded from one end of the coil, 
will be left-handed when regarded from the other end of the coil. 


Fio. IG. 



Projertion of magnetic rotation of light. C, condensing lenses; P, reflecting polarisei ; 
magneti.sing coil surrounding bar of henry glass ; S, mica star of twenty-four lays ; 
A, analyser (Ahrens’s triple prism). 


This is, therefore, no case of skew symmetry ; it clearly indicates that 
something is going on in the glass wliich tends to twist the light quite 
irrespective of which way the light enters. 

The next inagncto-optic plienomenon is that discovered by Dr. Kerr 
of tho rotation of the plane of polarisation by reflection at the surface 
of a magnet. To observe this at all requires good apparatus and a 
keen eye. So far as I am aware, it has never been projected on the 
screen. If I can succeed in doing so, it will only be because I have 
special means of tho most favourable character for so doing. We 
withdraw the bar of heavy glass from the coil, and replace it 
(Fig. IV) by an iron core polished at its con^d end. This will be 
intensely magnetised when the current is turned on. 

I^ow we must throw the beam of light obliquely down the hollow 
of the coil, polarising it by one of my improved Nicol prisms P, as 
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it goes down. After reflection it is focussed by a lens which sends it 
through the analysing prism A. Ton see the dim spot of reflected 


Fig. 17. 



Apparatus for projeotiag rotation of plane of polarisation by reflection at pole of 
magnet. P, polariser ; M, magnetising coil with coned iron core ; A, analyser. 

light upon the screen. Now for the current: “on/' “off/* “on/' 
“ off/* Reversing its direction ought to double the amount of torsion. 

Whilst Mr. Thomas is making the needful arrangements for the 
next experiment, I may mention that it was found by Kerr that tho 
effect was approximately proportional to the magnetic induction 
through the iron, I have myself tried some further experiments : for 
example, using a bar of lodestone instead of an iron core. Tho light 
reflected from lodestone is also twisted. I should expect tho ferro- 
aluminium alloy which Sir H. Roscoe showed us a fortnight ago to do 
the same thing, because that alloy is, as I havo found, susceptible of 
magnetisation. But I should not expect manganese steel to rotate the 
light, because of its singularly non-magnetisable nature?* 

The experiment of Kundt, transmitting polarised light through a 
thin transparent filiq of iron, magnetised normally whilst the light is 
passing through it, is another difiBcult of repetition befoie an 
audience. The small disks here are covered with films of iron, kindly 
prepared for me by Mr. Crookes, by squirting them electrically in a 
high vacuum. But the thin ones barely transmit enough light to 
make the observation of the effect possible, even to the solitary 
observer. I Lave observed the effect projected on the screen, using 
this very coil and these transparent mirrors. It requires, however, 
an absolutely dark room, and is at best so faint that it would be 
hopeless to attempt to show it to a large audience. Professor Eundt 
has not only observed similar rotations in other magnetic films of nickel 
and cobalt but has even shown that the degree of rotation of the light 
is proportional not to the magnetising force, but to the resulting mag- 
netic induction. This is a result of utmost importance in co|iBidering 
the theory of the phenomenon. He has further shown that whereas the 
magnetic rotations in elementary bodies, whether magnetic or dia- 
magnetic, are in the same sense as that in which the current circulates, 
the magnetic rotations in compound magnetic bodies, a^ch as a 
solution of sulphate of iron in water, are in the opposite sense. 
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These experiments with transparent mirrors of iron raise interest- 
ing speculations as to tho probable nature of a transparent magnet, if 
such there could be. It is one of the cardinal poiuts of MaxwelFs 
celebrated electro-magnetic theory of light, that the bettor a body 
conducts electric currents, the greater is its tendency to absorb light 
and become opaque. Now, suppose it were possible to obtain a 
substance such as to possess greater electric conductivity in one 
direction than in another, such a substance ought to absorb those 
vibrations of light which are executed in the direction of the greater 
electric conductivity more than those in the direction at right angles. 
In other words, such a substance ought, like the tourmaline, to 
polarise light by absorption. Now, since the researches of Sir W. 
Thomson in 1856, we have known that the electric conductivity of iron 
is altered in the direction of the magnetic lines of force, when it is 
powerfully ma^etised. More recently it has been discovered — I 
myself observed it in tinfoil, and announced the <Uscovcry to tho 
Physical Society a few days before the announcement of tho same fact 
by Righi — that non-magnetic metals alter their resistance in tho 
magnetic field. Notably so do bismuth and tellurium. I hadtherefoie 
conccived it possible that a film of iron or possibly of tellurium, if 
strongly magnetised in its own plane, might exhibit polar absorption 
and act like a tourmaline. Unfortunately, if the elfict exists it is 
so faint as to be yet undiscovered, though I have made njany eiTorts 
to find such. I have further tried to obtain a similar result by making 
a transparent magnet out tif a film of magnetic oxide of iron, precipi- 
tated chemically. In this tf)o 1 have not succeeded. 1 have tried to 
jirccipitato a transparent film of magnetic oxide in the midst of a 
transparent jellv. And I have iiiix(*d particles of precipitated oxide 
with melted gedatine so as to get a film. In this way J hoped to get, 
by placing tho preimratioii in a strong magnetic field, a sort of mag- 
netic structure w'hich would operate upon waves of light. That such 
a task was not hopeless was shown by two facts : first, that many mere 
vegetable and animal structures can act as polarisors ; and second, that 
a mere film of paint, sucli as indigo, can, if a proper mechanical dmg 
is given to it so as to produce structure, also act as a polariser. 

The film of indigo-carmine which I have here, acts nearly as 
strongly, though not quite as evenly, as a tourmaline slice, and costs 
but a fraction of a penny. 

Well, my films of jelly enclosing particles of magnetic oxide of iron 
do faintly act on polarised light ; but their action is not as marked 
as that of films of jelly enclosing actual small scraps of iron. 
This film, when placed across the poles of this electromagnet, between 
two crossed Nicols at 45°, shows an action when the magnet is turned 
on, as you see by the way in which it flashes into light in the dark 
field. When the jelly is fresh, and of the proper consistency, the 
action is very strong, but wdth the rather dry sample before you I 
fear we can only call tho elfect a aticch d'eatime. 

Incidentally, in the course of these experiments on magnetic films, 
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1 came across a new magnetic body unknown hitherto, I believe, to 
the chemist, namely, a magnetic double oxide of cobalt and iron — a 
ferroso-cobaltic oxide, I think — a black powder, a sample of which I 
have here. 

It also occurred to me, as a matter of speculation, that if I could 
strongly magnetise a crystal of ferrous sulphate or nickelons sulphate, 
whilst viewing it by convergent polarised light, 1 might find some in- 
teresting phenomena, which should, if they existed, show some sort 
of a relation between the direction of the optic axis and that of the 
lines of the magnetic field. 1 thought that a longitudinal magneti- 
sation might possibly set up a rotatory phenomenon like that in 
quartz in so far as to disturb the central field between the arms of 
the black cross ; however, not by the most powerful magnetising 
could I discover any such effect. Again, I thought that by magnetis- 
ing transversely to the optic axis I might possibly succeed in turning 
the uniaxial crystal into a biaxial, or producing by magnetism an 
effect resembling the action of heat on crystals of selenite. Owing 
probably to the small depth of any crystals that can be obtained, I 
have failed so far to obtain any such effect, though I am convinced 
that it must exist. 

An effect precisely analogous to the magnetic effect which I vainly 
sought has, however, been lately discovered by Prof. Rontgen. I 
sought a distortion of the optic axis by transversely magnetising, and 
I sought it in crystals of sulphate of nickel ; he has found a distortion 
of the optic axis by transversely electrifying, and he has found it in 
crystals of quartz. 

Suppose a piece of quartz crystal is cut as a square prism, its long 
faces being principal planes of section respectively par^lel to and at 
right angles to two of the natural faces of the hexagonal prism. Fig. 
18 shows the form -of the portion cut. The -f and - signs in this 


Fig. 18. Fig. 19. 




figure refer to the pyro-electrio poles of the crystal. Such a piece 
viewed by convergent light shows the usual rings and b^ck cross 
with a coloured centre (Fig. 19). If now two opposite faces bp covered 
with tinfoil, and the crystal be electrified transversely, the Hngs are 
distorted into lemniscates, the direction of the distortion changing 
with the sign of the electrification. It is necessary to use a rod 
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glass, or still better sodium light, to observe the changes in form on 
reversing the sign of the charges. Figs. 20 and 21, 22 and 23, show 
the changes of form, but these sketches grossly exaggerate the effects. 
As you see upon the screen, when the charges imparted by this fine 
Wimshurst machine are rapidly reversed, there is a decided distortion 
of the rings, but it is small in amount. 


Fio. 20. 


Fig. 21, 



+ 


Eeturning to the phenomena of the rotation impressed by magnet- 
ism on polarised light, I may point out that the torque which a 
magnetic field exerts on the light waves appears to bo really an action 
upon the matter through which the light-waves are passing. It is as 
though the magnetic field were really a portion of space rotating 
rapidly on itself, or perhaps as though the ether were there rotating, 
and that this rotation in some way dragged the particles of matter 
along with it. It has long been supposed necessary, in order to 
account for the refractive and dispersive properties of transparent 
bodies, to consider that their particles are in some way concerned in 
and partake of the vibrations going on in the ether within them or 
between their molecules. It is impossible to explain the phenomena 
of magneto-optic rotation by the supposition that any skew structure 
is imparted to the medium ; for these phenomena unlike those of 
quartz, do not exhibit skew symmetry. There seems to be no other 
way of explaining the magneto-optic torsion of light than by suppos- 
ing that the molecules of matter in the magnetic field are actually 
subjected to rotatory actions ; as indeed was suggested long ago by 
Sir William Thomson. 

However, there is room here not only for speculation but for ex- 
periment. Some day, when facts enough have been collected, we shall 
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be ready to build thereon the wider genei*alisation which at present 
seems to escape us. 

So far we have been applying an optical torque to previously 
polarised light, and producing a torsion of it. It remains for me yet 
to describe the means by which, in the hands of Professor Abbe and 
Professor Sohneke, it has been demonstrated that natural, non-polarised 
light is actually rotated when subjected to an optical tonpie. 

The way of doing this is to make use of the principle of in- 
terference. Here is the sht from which a narrow beam of light-waves 
issues. At a point a little distance away is a Fresnel’s bipiism 
which splits up the light (without polarising it) into two beams, just 
as if we had two slits or sources of light. These two beams pass 
along, and meet upon this distant screen, and give us — what ? A set 
of interference fringes having a bright line down the middle, because 
this part of the screen is exactly equidistant from the two sources of 
light. 

But these dark interference fringes that lie right and left can only 
exi‘'t because, in the first place the vibrations have travelled uno pial 
paths ditfering by an odd number of half wave-lengths ; and secondly, 
because (owing to the method adopted of using two images of one slit) 
the phases of the emitted waves from the two sources arc identical. 

This being so, let us now introduce across the two interfering 
beams of light a special biquartz, made of right-and-left handed 
quartz of only 1*88 mm. thick. This will rotate — if it rotates 
natural light at all — the yellow light in one beam 45^ to the right 
and that of the other beam 45^^ to the left. The angles will be a 
little more for green and blue, a little less for red andj^range. Con- 
sequently we shall not get quite a perfect result tor all kinds of 
colours. But for the main body of the light the result is this : tliat 
because the two bea'nis have had their respective vibrations turned so 
that, whatever their primitive positions, they are now at right angles 
to one another, they cannot interfere. In other words, if it be tnu* 
that the quartz rotates natural light, the inteifereiice bands will die 
out. [Experiment shown.] 

Here I have the light passing through tho biprism only, and 
giving us this narrow seiies of interference bands. You must notice 
carefully — with opera-glasses if you have them— the narrow brigl it 
and dark stripes. Now I shift this little diaphragm so that the light 
passes through the biquartz as well. Iiistf^ad of sharp interference 
bands we have merely a dull line of nebulous light The disappear- 
ance of the fringes proves that quartz does t\v 1 st the non previously 
polarised waves of light 

That the magnetic field can also exert a magnetic torque on non- 
polarised light is readily proved, at least when one alrea|y has the 
biquartz. Two strips of heavy glass of exactly equal length and 
similar quality, such as those I hold in my hand, must bo Introduced 
in the respective paths of the two beams; and one at least of them 
must bo surrounded by a magnetising coil. The biquartz has wiped 
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out tbe interference fringes ; but on magnetising one of the two 
pieces of heavy-glass, or on magnetising the two in opposite senses, 
the interference bands can be made to reappear. It is in this way 
that Professor Sohncke’s experiment — hardly suitable for a lecture 
theatre — was performed. It is in this way that we establish upon an 
experimental basis the fact that light itself, and not merely the plane 
of its polarisation, experiences an optical torsion when subjected to 
those forces which, whether crystalline, molecular, or magnetic, exert 
upon it an optical torque. 

[S. P. T.] 
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An Attempt to apply to Chemistry one of the Principles of Newton's 
Natural Philosophy. 

Nature, inert to the eyes of the ancients, has been revealed to ns as 
full of life and activity. The conviction that motion pervaded all 
things, which was first realised with respect to the stellar universe, 
has now extended to the unseen world of atoms. No sooner had the 
human understanding denied to the earth a fixed position and 
launched it along its path in space, than it was sought to fix immov- 
ably the sun and the stars. But astronomy has demonstrated that 
the sun moves with unswerving regularity through the star-set 
universe at the rate of about 50 kilometres per second. Among the 
so-called fixed stars are now discerned manifold changes and various 
orders of movement. Light, heat, electricity — like sound — have been 
proved to be modes of motion ; to the realisation of this fact modern 
science is indebted for powers which have been used with such 
brilliant success, and which have been expounded so clearly at this 
lecture table by Faraday and by his successors. As in the imagination 
of Dante, the invisible air became peopled with spiiitual beings, so 
before the eyes of earnest investigators, and especially before, those of 
Clerk Maxwell, the invisible mass of gases became peopled with 
particles : their rapid movements, their collisions, and impacts became 
so manifest that it seemed almost possible to count the impacts and 
determine many of the peculiarities or laws of their collisions. The 
fact of the existence of these invisible motions may at once be made 
apparent by demonstrating the difference in the rate of diffusion 
through porous bodies of the light and rapidly moving atoms of 
hydrogen and the heavier and more sluggish particles of air. Within 
the masses of liquid and of solid bodies we have been foiced to 
acknowledge the existence of persistent though limited motion of their 
ultimate particles, for otherwise it would be impossible to explain, for 
example, the celebrated experiments of Graham on diffusion through 
liquid and ctfilloidal substances. If there were, in our t^mes, no belief 
in the molecular motion in solid boilies, could the famoite Spring have 
hoped to attain any result by mixing carefully dried powders of 
potash, saltpetre, and acetate of soda, in order to product, by pressure, 
a chemical reaction between these substances through the interchange 
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of their metals, and have derived, for the conviction of the incredulous, 
a mixture of two hygroscopic though solid salts — nitrate of soda and 
acetate of potash ? 

In these invisible and apparently chaotic movements, reaching 
from the stars to the minutest atoms, there reigns, however, a 
harmonious order which is commonly mistaken for complete rest, but 
which is really a consequence of the conservation of that dynamic 
equilibrium which was first discerned by the genius of Newton, and 
which has been traced by his successors in the detailed analysis of 
the particular consequences of the great generalisation, namely, 
relative immovability in the midst of universal and active movement. 

But the unseen world of chemical changes is closely analogous to 
the visible world of the lieavenly bodies, since our atoms form distinct 
portions of an invisible world, as planets, satellites, and comets form 
distinct portions of the astronomer’s universe ; our atoms may there- 
fore be compared to the solar systems, or to the systems of double or 
of single stars, for example, ammonia (NH^) may be represented in 
the simplest manner by supposing the sun nitrogen surrounded by 
its planets of hydrogen ; and common salt (NaCl) may be looked 
upon as a dc^itlb star formed of nitrogen and chlorine. Besides, now 
that the indestructibility of the elements has been acknowledged, 
chemical changes cannot otherwise be explained than as changes of 
motion, and the production by chemical reactions of galvanic currents, 
of light, of heat, of pressure, or of steam power, demonstrate visibly 
that the processes ol chemical reaction are inevitably connected with 
enormous though unseen displacements, originating in the movements 
of atoms in molecules. Astronomers and natural philosophers, in 
studying the visible motions of the heavenly bodies and of matter on 
the earth, have understood and have estimated the value of this store 
of energy. But the chemist has had to pursue a contrary course. 
Observing in the physical and mechanical phenomena which accom- 
pany chemical reactions the quantity of energy manifested by the 
atoms and molecules, he is constrained to acknowledge that within 
the molecules there exist atoms in motion, endowed with an energy 
which, like matter itself, is neither being created nor is capable of 
being destroyed. Therefore, in chemistry, we must seek dynamic 
equilibrium not only between the molecules but also in their midst 
among their component atoms. Many conditions of such equilibrium 
have been determined, but much remains to be done, and it is not 
uncommon, even in these days, to find that some chemists forget that 
there is the possibility of motion in the interior of molecules, and 
therefore represent them as being in a condition of death-like 
inactivity. 

Chemical combinations take place with so much ease and rapidity ; 
possess so many special characteristics, and are so numerous, that 
their simplicity and order was for a long time hid &om investigators. 
Sympathy, relationship, all the caprices or all the fancifulness of 
human intercourse, seemed to have found complete analogies, in 
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chemical combinations, but with this difference, that the characteristics 
of the material substances — such as silver, for example, or of any other 
body — remain unchanged in every subdivision from the largest masses 
to the smallest particles, and consequently their characteristics must 
be a property of its particles. But the world of heavenly luminaries 
appeared equally fanciful at man’s first acquaintance with it, so much 
so, that the astrologers imagined a connection between the in- 
dividualities of men and the conjunctions of planets. Thanks to the 
genius of Lavoisier and of Dalton, man has been able, in the unseen 
world of chemical combinations, to recognise laws of the same simple 
order as th^^e which Copernicus and Kepler proved to exist in the 
planetary universe. Man discovered, and continues every hour to 
discover what remains unchanged in chemical evolution, and how 
changes take place in combinations of the unchangeable. Ho has 
learned to predict, not only what possiblo combinations may take 
place, but also the very existence of atoms of unknown elementary 
bodies, and has besides succeeded in making innumerable practical 
applications of his knowledge to the great advantage of his race, and 
has accomplished this notwithstanding that notions of sympathy and 
affinity still preserve a strong vitality in science. At present we 
cannot apply Newton’s principles to chemistry, because the soil is 
only being now prepared. The invisible world of chemical atoms is 
still waiting for the creator of chemical mechanics. For him our age 
is collecting a mass of materials, the inductions of well-digested facts, 
and many-sided inferences similar to those which existed for Astronomy 
and Mechanics in the days of Newton. It is well also to remember 
that Newton devoted much time to chemical experiments, and while 
considering questions of celestial mechanics, persistently Kept in view 
the mutual action of those infinitely small worlds which are concerned 
in chemical evolutions. For this reason, and also to maintain the 
unity of laws, it seems to me that we must, in the first instance, seek 
to harmonise the various phases of contemporary chemical theories with 
the immortal principles of the Newtonian natural philosophy, and so 
hasten the advent of true chemical mechanics. Let the above con- 
siderations serve as my justification for the attempt which I propose 
to make to act as a champion of tho universality of the Newtonian 
principles, which I believe are competent to embrace every pheno- 
menon in the universe, from the rotation of tho fixed stars, to tho 
interchanges of chemical atoms. 

In the first place I consider it indispensable to bear in mind that, 
up to quite recent times, only a one-sided affinity has been recognised 
in chemical reactions. Thus, for example, from the eircilm stance 
that red-hot iron decomposes water with tho evolution of hjrdrogen, 
it was concluded^hat oxygen had a greater affinity for iron .^han for 
hydrogen. But hydrogen, in presence of red-hot iron scal4, appro- 
priates its oxygen and forms water, whence an exactly opposite 
conclusion may be formed. 

During the last ten years a gradual, scarcely perceptible, but 
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most important change has taken place in the views, and conseqnently 
in the researches of chemists. They have sought everywhere, and 
have always found systems of conservation or dynamic equilibrium 
substantially similar to those which natural philosophers have long 
since discovered in the visible world, and in virtue of which the 
position of the heavenly bodies in the universe is determined. There 
where one-sided affinities only were at first detected, not only secondary 
or lateral ones have been found, but even those which are diametri- 
cally opposite, yet among these, dynamical equilibrium establishes 
itself not by excluding one or other of the forces, but regulating them 
all. So the chemist finds in the fiame of the blast furnace, in the 
formation of every salt, and, with especial clearness, in double salts, 
and in the crystallisation of solutions, not a fight ending in the 
victory of one side, as used to bo supposed, but the conjunction of 
forces ; the peace of dynamic equilibrium resulting from the action of 
many forces and affinities. Carbonaceous matters, for example, burn 
at the expense of the oxygen of the air, yielding a quantity of heat 
and forming products of combustion, in which it was thought that the 
affinities of th« oxygen with the combustible elements were satisfied. 
But it appeared ttiat the heat of combustion was competent to de- 
compose these products, to dissociate the oxygen from the combustible 
elements, and therefore, to explain combustion fully, it is necessary to 
take into account the equilibrium between opposite reactions, between 
those which evolve, and tliose which absorb heat. 

In the same way, in the case of the solution of common salt in 
water, it is necessary to take into account, on the one hand, the 
formation of compound particles generated by the combination of salt 
with water, and on the other the disintegration or scattering of the 
new particles formed, as well as of those originally contained. At 
present wo find two currents of thought, apparently antagonistic to 
each other, dominating the study of solutions : according to the one, 
solution seems a mere act of building up or association ; according to 
the other, it is only dissociation or disintegration. The truth lies, 
evidently, between these views; it lies, as I have endeavoured to 
prove by my investigations into aqueous solutions, in the dynamic 
equilibrium of particles tendiug to combine and also to fall asunder. 
The large majority of chemical reactions which appeared to act 
victoriously along one line have been proved capable of acting as 
victoriously oven along an exactly opposite lino. Elements which 
utterly decline to combine directly may often be formed into com- 
paratively stable compounds by indirect means, as for example in the 
case of chlorine and carbon ; and consequently the sympathies and 
antipathies, which it was thought to transfer from human relations to 
those of atoms, should be laid aside until the mcohanism of chemical 
relations is explained. Let us remember, however, that chlorine, 
which docs not form with carbon the chloride of car^n, is strongly 
absorbed, or, as it were, dissolved by carbon, which leads us to 
suspect incipient chemical action even in an external and purely 
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surface contact, and involuntarily gives rise to conceptions of that 
unity of the forces of nature which has been so energetically insisted 
on by Sir William Grove and formulated in his famous paradox. 
Grove noticed that platinum, when fused in the oxyhydrogen dame, 
during which operation water is formed, when allowed to drop into 
water decomposes the latter and produces the explosive oxyhydrogen 
mixture. The explanation of this paradox, as of many others which 
arose during the period of chemical renaissance has led, in our time, 
to the promulgation by Henri St. Claire Deville of the conception of 
dissociation and of equilibrium, and has recalled the teaching of 
Berthollet, which, notwithstanding its brilliant confirmation by 
Heinrich Rose and Dr. Gladstone, had not, up to that period, been 
included in received chemical views. 

Chemical equilibrium in general, and dissociation in particular, 
are now being so fully worked out in detail, and applied in such 
various ways, that I do not allude to them to develop, but only use 
them as examples by which to indicate the correctness of a tendency 
to regard chemical combinations from points of view diflfering from 
those expressed by the term hitherto appropriated to define chemical 
forces, namely, “affinity.’* Chemical equilibria dissociation, the 
speed of chemical reactions, thermo-chemistry, spectroscopy, and, 
more than all, the determination of the influence of masses and the 
search for a connection between the properties and weights of atoms 
and molecules ; in one word, the vast mass of the most important 
chemical researches of the present day, clearly indicates the near 
approach of the time when chemical doctrines will submit fully and 
completely to the doctrine which was first announced in the Principia 
of Newton. 

In order that the application of these principles may boar fruit it 
is evidently insufficient to assume that statical equilibrium reigns 
alone in chemical systems or chemical molecules : it is necessary to 
grasp the conditions of possible states of dynamical equilibria, and to 
apply to them kinetic principles. Numerous considerations compel us 
to renounce the idea of statical equilibrium in molecules, and the 
recent yet strongly supported appeals to dynamic principles consti- 
tute, in my opinion, the foundation of the modern teaching relating 
to atomicity, or the valency of the elements, which usually forms 
the basis of investigations into organic or carbon compounds. 

This teaching has led to brilliant explanations of very many 
chemical relations and to cases of isomerism, or the diflbrence in the 
properties of substances having the same composition. It has been 
so fruitful in its many applications and in the foreshadoKring of 
remote consequences, especially respecting carbon compoun|ls, that 
it is impossible to deny its claims to be ranked as a great achieve- 
ment of chemical science. Its practical application to the synthesis 
of many substances of the most complicated composition entenng into 
the structure of organised bodies, and to the creation of an unlimited 
number of carbon oompoonds, among which the colours derived from 



LIBRARY OF SCIENCE 


545 

coal tar stand prominently forward, surpass the synthetical powers of 
Nature itself. Yet this teaching, as applied to the structure of carbon 
compounds, is not on the face of it directly applicable to the investi- 
gation of other elements, because in examining the first it is possible 
to assume that the atoms of carbon have always a definite and equal 
number of affinities, while in the combinations of other elements this 
is evidently inadmissible. Thus, for example, an atom of carbon 
yields only one compound with four atoms of hydrogen and one with 
four atoms of chlorine in the molecule, while the atoms of chlorine 
and hydrogen unite only in the proportions of one to one. Simplicity 
is here evident and forms a point of departure from which it is easy 
to move forward with firm and secure tread. Other elements are of 
a different nature. Phosphorus unites with three and with five atoms 
of chlorine, and consequently the simplicity and sharpness of the 
application of structural conceptions are lost. Sulphur unites only 
with two atoms of hydrogen, but with oxygen it enters into higher 
orders of combination. The periodic relationship which exists among 
all the properties of the elements, such, for example, as their ability 
to enter into various combinations, and their atomic wdights, 
indicate th^tt inis variation in atomicity is subject to one perfectly 
exact and general law, and it is only carbon and its near analogues 
which constitute cases of permanently preserved atomicity. It is 
impossible to recognise as constant and fundamental properties of 
atoms, powers which, in substance, have proved to bo variable. But 
by abandoning the idea of permanence, and of the constant saturation 
of affinities — that is to say, by acknowledging the possibility of free 
affinities — many retain a coini)rchension of the atomicity of the 
elements “ under given conditions ” ; and on this frail foundation they 
build up structures composed of chemical molecules, evidently only 
because the conception of manifold affinities gives, at once, a simple 
statical method of estimating the composition of the most complicated 
molecules. 

I shall enter neither into details, nor into the various consequences 
following from these views, nor into the disputes which have sprang 
up respecting them (and relating especially to the number of isomers 
possible on tho assumption of free affinities), because the foundation 
or origin of theories of this nature suffers from the radical defect of 
being in opposition to dynamics. The molecule, as even Laurent 
expressed himself, is represented as an architectural structure, the 
style of which is determined by the fundamental arrangement of 
a few atoms, while the decorative details, which are capable of 
boing varied by the same forces, are formed by the elements entering 
into the combination. It is on this account that the term “ structural ” 
is so appropriate to the contemporary views of tho above order, and 
that the “constructors” seek to justify the tetrahedric, plane, or 
prismatic disposition of the atoms of carlK>n in benzole. It is evident 
that the consideration relates to the statical position of atoms and 
molecules and not to their kinetio relations. Tho atoms of the 
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straotural type are like the lifeless pieces on a chess board : they are 
endowed but with the voices of living beings, and are not those living 
beings themselves ; acting, indeed, according to laws, yet each 
possessed of a store of energy, which, in the present state of our 
knowledge, must be taken into accounti 

In the days of Hauy, crystals were considered in the same statical 
and structural light, but raodorn crystallographers, having become 
more thoroughly acquainted with their physical properties and their 
actual formation, have abandoned the earlier views and have made 
their doctrines dependent on dynamics. 

The immediate object of this lecture is to show that, starting 
with Newton’s third law of motion, it is possible to preserve to 
chemistry all the advantages arising from structural teaching, with- 
out being obliged to build up molecules in solid and motionless 
figures, or to ascribe to atoms definite limited valencies, directions of 
cohesion, or affinities. The wide extent of the subject obliges me to 
treat only a small portion of it, namely of suhstitutiona, without 
specially considering combinations and decompositions, and, even 
then, limiting myself to the simplest examples, which, however, will 
throw open prospects embracing all the natural complexity of chemi- 
cal relations. For this reason, if it should prove possible to form 
groups similar, for example, to II'^ or CII^ as the remnants of mole- 
cules CH** or we shall not pause to consider them, because, as 
far as we know, they fall asunder into two parts, -f- or CH^ 
4- H*, as soon as they are even temporarily formed, and are capable 
of separate existence, and therefore can take no part in the elemen- 
tary act of substitution. With respect to the simple^ molecules 
which we shall select — that is to say, those of which tho parts have 
no separate existence, and therefore cannot appear in substitutions — 
we shall consider them according to the periodic law, arranging them 
in direct dependence on the atomic weight of the elements. 

Thus, for example, tho molecules of tho simplest hydrogen 
compounds — 

HF H^O IPC 

hydrofluoric acid water ammonia methane 

correspond to elements the atomic weights of which decrease 
consecutively, 

F = 19, O = 16, N - 14, C = 12. 

Neither the arithmetical order (1, 2, 3, 4 atoms of hydrogen) nor 
the total information we possess respecting the elements will permit 
us to interpolate into this typical series one more additional jelement ; 
and therefore we have here, for hydrogen compounds, a natural base 
upon which are built up those simple chemical combinations which 
we take as typical. But even they arc competent to unite with each 
other, as we see, for instance, in tho property which hydrofluoric acid 
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has of forming a hydrate, that is of combining with water ; and the 
similar attribute of ammonia, resulting in the formation of a caustic 
alkali, NH'*iPO, or NH*OH. 

Haying made these indispensable preliminary observations, I may 
now attack the problem itself and attempt to explain the so-called 
structure, or rather construction of molecules, that is to say, their 
constitution and transformations without having recourse to the 
teaching of “ structionists,” but on Newton’s dynamical principles. 

Of Newton’s three laws of motion, only the third can be applied 
directly to chemical molecules when regarded as systems of atoms 
among which it must be supposed that there exist common influences 
or forces, and resulting compounded relative motions. Chemical 
reactions of every kind are undoubtedly accomi>lished by changes in 
these internal movements, respecting the nature of which nothing is 
known at present, but tlie existence of which, the mass of evidence 
collected in modern times, forces us to acknowledge as forming part 
of the common motion of the universe, and as a fact further 
established by the circumstance that chemical reactions are always 
characterised by changes of volume or the relations between the 
atoms or the molecules. Newton’s third law, which is applicable to 
every system, declares that, “ action is always associated with reaction, 
and is equal to it.” The brevity and coucisouess of this axiom was, 
however, qualified by Newton in a more expanded statement, “ the 
action of bodies one upon another arc always equal, and in opposite 
directions.” Tliis simple fact constitutes the point of departure for 
explaining dynamic equilibrium, that is to say, systems of con- 
servancy. It is capable of satisfying even the dualists, and of 
explaining, without additional assumptions, the preservation of those 
chemical ty^ies which Dumas, Laurent, and Gerhardt created unit 
types, and those views of atomic combinations which the structiouists 
express by atomicity or tlic valency of the elements, and, in connec- 
tion with them, tlie various iiiunhers of aflinities. In reality if a 
system of atoms or a molecule be given, then in it, according to the 
third law of Newton, each portion of atoms acts on the remaining 
portion in tho same manner, and witli the same force as llio second 
set of atoms acts on the first. Wo infer directly from this considera- 
tion that both sets of atoms, forming a molecule, are not only equiva- 
lent with regard to themselves, as they must be according to Dalton’s 
law, but also that they may, if united, replace each other. Let there 
be a molecule containing atoms ABC, it is clear that, according to 
Newton’s law, the action of A on B (/ must be equal to the action of 
B C on A, and if the first action is directed on B C, then the second 
must bo directed on A, and consequently then, where A can exist in 
dynamic equilibrium, B C may take its place and act in a like manner. 
In the same way the action of C is equal to the action of A B. In 
one word every two sets of atoms forming a molecule are equivalent 
to each other, and may take each other’s place in other molecules, or, 
having the power of balancing each other, the atoms or their comple- 
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ments are endowed with the power of replacing each other. Let us 
call this consequence of an evident axiom “ the principle of substitu- 
tution,” and let us apply it to those typical forms of hydrogen 
compounds, which we have already discussed, and which, on account 
of their simplicity and regularity, have served as starting points of 
chemical argument long before the appearance of the doctrine of 
structure. 

In the type of hydrofluoric acid, HF, or in systems of double 
stars, are included a multitude of the simplest molecules. It will be 
sufficient for our purpose to recall a few : for example the molecules 
of chlorine, CP, and of hydrogen, H^, and hydrochloric acid, HCL, 
which is familiar to all in aqueous solution as spirit of salt, and 
which has many points of resemblance with HF, HB^, HI. In 
these cases division into two parts can only be made in one way, and 
therefore the principle of substitution renders it probable that ex- 
changes between the chlorine and the hydrogen can take place, if 
they are competent to unite with each other. There was a time when 
no chemist would even admit the idea of any such action ; it was then 
thought that the power of combination indicated a polar difference of 
the molecules in combination, and this thought set aside all idea of 
the substitution of one component element by another. 

Thanks to the observations and experiments of Dumas and 
Laurent fifty years ago, such fallacies were dispelled, and in 
this manner, this same principle of substitution was exhibited. 
Chlorine and bromine acting on many hydrogen compounds, occupy 
immediately the place of their hydrogen, and the displaced hydrogen, 
with another atom of clilorine or bromine, forms hydrocyoric acid or 
bromide of hydrogen. This takes place in all typical hydrogen 
compounds. Thus chlorine acts on this principle on gaseous hy- 
drogen — reaction, under the influence of light, resulting in the forma- 
tion of hydrochloric acid. Chlorine acting on the alkalis, constituted 
similarly to water, and even on water itself — only, however, under 
the influence of light and only partially because of the un stability 
of nClO — forms by this principle bleaching salts, which are the same 
as the alkalis, but with their hydrogen replaced by chlorine. In 
ammonia and in methane, chlorine can also replace the hydrogen. 
From ammonia is formed in this manner tlie so-called chloride of 
nitrogen, NCP, which decomposes very readily with violent explosion 
on account of the evolved gases, and falls asunder as chlorine and 
nitrogen. Out of marsh gas, or methane, Oil*, may be obtained con- 
secutively, by this method, every possible substitution, of whi^^b chloro- 
form, CHOP, is the best known, and chloro-carbonic acid,^ CCl* the 
most instructive. But by virtue of the fact that chlorine and bromine 
act, in the manner shown, on the simplest typical hydrogen cc^pounds, 
their action on the more complicated ones may be assumed; to be the 
same. This can be easily demonstrated. The hydrogen benzole, 
C*H*, reacts feebly under the influence of light on liquid brotaaine, but 
Gustavson has sbowu that the addition of the smallest quantity of 
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metallic alaminium causes energetic action, and the evolution of 
large volumes of bromide of hydrogen. 

If we puss on to the second typical hydrogen compound, that is 
to say water, its molecule, HOH, may be split up in two ways : either 
into an atom of hydrogen and a molecule of oxide of hydrogen, HO, 
or into oxygen, O, and two atoms of hydrogen, H ; and therefore, 
according to the principle of substitution, it is evident that one atom 
of hydrogen can exchange with oxide of hydrogen, HO, and two atoms 
of hydrogen, H, with one atom of oxygen, O. 

Both these forms of substitution will constitute methods of 
oxidation, that is to say, of the entrance of oxygon into the com- 
pound — a reaction which is so common in nature as well as in the 
arts, taking place at the expense of the oxygen of the air or by 
the aid of various oxidising substances or bodies which part easily 
with their oxygen. There is no occasion to reckon up the unlimited 
number of cases of such oxidising reactions. It is suf^cient to 
state that in the first of these oxygen is directly transferred, and the 
position, the chemical function, which hydrogen originally occupied 
is, after the substitution, occupied by the hydroxyl. Thus ammonia, 
NH^, yields hydro xylamine, NH^(OH), a substance which retains 
many of the properties of ammonia. 

Methane and a number of other hydrocarbons yield, by substi- 
tution of the hydrogen by its oxide, mcthylic, CH^(OH), and other 
alcohols. The substitution of one atom of oxygen for two atoms of 
hydrogen is equally common with hydrogen compounds. By this 
means alcoholic liquhls containing ethyl alcohol, or spirits of wine, 
C®H'^(OH), are oxidised till they become vinegar or acetic acid, 
C^H'’0(0H). In the same way caustic ammonia, or the combination 
of ammonia with water, NIITI^O, or NH'*(OH), which contains a great 
deal of hydrogen, by oxidation exchanges four atoms of hydrogen for 
two atoms of oxygen, and become converted into nitric acid NO^(OH). 
This process of conversion of ammonia salts into saltpetre goes on 
in the fields every summer, and with especial rapidity in tropical 
countries. The method by which this is accomplished, though 
complex, though involving the agency of all-permeating micro- 
organisms, is, in substance, the same as that by which alcohol is 
converted into acetic acid, or glycol, C'^H^^^OH)^, into oxalic acid, 
if we view the process of oxidation in the light of the Newtonian 
principles. 

But while speaking of the application of the principle of substi- 
tution to water, wo need not multiply instances, but must turn our 
attention to two special circumstances which are closely connected 
with the very mechanism of substitutions. 

In the first place, the replacement of two atoms of hydrogen by 
one atom of oxygen may take place in two ways because the hydrogen 
molecule is composed of two atoms, and therefore, under the influence 
of oxygen, the molecule forming water may separate before the oxygen 
has time to take its place. It is for this reason that we find, during 
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the conversion of alcohol into acetic acid, that there is an interval 
during which is formed aldehyde, C^H^O, which, as its very name 
implies, is “alcohol dehydrogenatum,” or alcohol deprived of hydrogen. 
Hence aldehyde combined with hydrogen yields alcohol ; and united 
to oxygen, acetic acid. 

For the same reason there should he, and there actually are, 
intermediate products between ammonia and nitric acid, NO“(HO), 
containing either less hydrogen than ammonia, less oxygen than 
nitric acid, or less water than caustic ammonia. Accordingly we 
find, among the products of the de-oxidisation of nitric acid and the 
oxidisation of ammonia, not only hydroxylamine, but also nitrous 
oxide, nitrous and nitric anhydi*ifies. Thus, the production of nitrous 
acid results from the removal of two atoms of hydrogen from caustic 
ammonia and the substitution of the oxygen for the hydrogen, NO 
(OH) ; or by the substitution, in ammonia, of three atoms of hydrogen 
by hydroxyl, N(OH)'’, and by the removal of water; N(OHj* — H^O 
= NO(OH). The peculiarities and properties of nitrous acid, as, 
for instance, its action on ammonia and its conversion, by oxidation, 
into nitric acid, are thus clearly revealed. 

On the other hand, in speaking of the principle of substitution as 
ipplied to water, it is necessary to observe that hydrogen and 
uydroxyl, H and OU, are not only competent to unite, but also to 
form combinations with themselves, and thus become and Il^O* ; 
and such are hydrogen and the peroxide thereof. In general, if a mole- 
cule AB exists, then molecules AA and BB can exist also. A direct 
reaction of this kind does not, however, take ])lace in water, therefore 
undoubtedly, at the moment of formation hydrogen jpacts on the 
peroxide of hydrogen, as we can show, at once, by experiment ; and 
further because the peroxide of hydrogen, H‘^0^, exhibits a structure 
containing a molecule of hydjogen, and one of oxygen, O'*, either 
of which is capable of separate existence. The fact, however, may 
now be taken as thoroughly established, that, nt the moment of 
combustion of liydrogen or of the hydrogen compounds, peroxide of 
hydrogen is always formed, and not only so, but in all probability its 
formation invariably precedes the formation of water. This was to 
be expected as a consequence of the law of Avogadro and Gorhardt, 
which leads us to expect this sequence in the case of equal interactions 
of volumes of vapours and gases ; and in the peroxide of hydrogen 
we actually have such equal volumes of the elementary gases. 

The instability of peroxide of hydrogen — that is to say, the ease 
with which it decomposes into water and oxygen, even at the more 
contact of porous bodies — accounts for the circumstance tllat it does 
not form a permanent product of combustion, and is not j produced 
during the decomposition of water. I may mention this ^ditional 
consideration that, with respect to the peroxide of hydrogen, wo 
may look for its effecting still further substitutions of hydrogen by 
means of which we may expect to obtain still more highly oxidised 
water-compounds, such as H^^ and H^O*. These Schonboin and 
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Bunsen have long been seeking, and Borthelot is investigating them 
at this moment. It is probable, however, that the reaction will stop 
at the last compound, because we find that, in a number of cases, the 
addition of 4 atoms of oxygen seems to form a limit. Thus, OsO*, 
KC10^ KMIlO^ K'^SO\ Na'^PO^, and such like, represent the highest 
grades of oxidation.* 

As for the last 40 years, from the times of Berzelius, Dumas, 
Liebig, Gerhardt, Williamson, Franklaiid, Kolbo, Kekule, and 
Butlerow, most theoretical generalisations have centred round organic 
or carbon compounds, so we will, for the sake of brevity, leave out 
the discussion of ammonia derivatives, notwithstanding their sim- 
plicity in respect to the doctrine of substitutions ; wo will dwell more 
especially on its application to carbon compounds, starting from 
methane, CH*, as the simplest of the hydrocarbons, containing in its 
molecule one atom of carbon. According to the principles enume- 
rated wo may derive from CH^ every combination of the form CH^X, 
CH^X^, CHX^, and CX^, in which X is an element, or radical, 
equivalent to hydrogen, that is say, competent to take its place or to 
combine witji it. Such are the chlorine substitutes mentioned 
already, such is wood-spirit, C/H^(OH), in which X is represented by 
the residue of water, and such are numerous other carbon derivatives. 
If we continue, with the aid of hydroxyl, further substitutions of 
the hydrogen of methane wo shall obtain successively 
CH(OH)'*, and 0(011)'^. But if, in proceeding thus, we bear in 
mind that CH^(0H/ contains two hydroxyls in the same form as 
peroxide of hydrogen, IPO'^ or (OII^, contains them — and moreover 
not only in one molecule, but together, attached to one and the same 
atom of carbon — so here we must look for the same decomposition as 
that which wo find in peroxide of hydrogen, and accompanied also 
by the formation of water as an independently existing molecule ; 


* Because luorc than four atoms of hyilro^en never unite with ont atom of 
the elementB, and Ivcausc the hy(iro"en t om pounds (c. g. HCl, H*Si) 

always form their highest oxides with four atoms of oxygen, and as the highest 
forms of oxides (OSO* RO*) also contain four of oxygen, and eight gjouM of the 
periodic system, corresponding to tlie highest basic oxides K“0, RO, R®0^, RO*, 
R*0*, RO^, R"07, and ROS imply the above relationship, and because of the 
nearest analogues among the elementB— such as Mg, Zn, Ctl, and Ilg; or Cr, Mo, 
W and IT ; or Si, Ge, Sn, and Pt; or F, Cl, Br, and .1 and so forth — not more than 
four are known, it seems to me that in these relationships there lies a deep 
interest and meaning with regard to chemical mechanics. But because, to my 
imagination, the idea of unity <if design in Nature, either iieting in complex 
celestial systems or among chemical moUeulos, is very attractive, especially 
because the atomic teaching at once acquires its true meaning, I will recall the 
following facts relating to the solar system. There are eight major planets, 
of which the four inner ones are not only separated from the four outer by aste- 
roids, but differ from them in many respects, as for « vample in the smallness of 
their diameters and their greater density. Saturn with ms ring has eight satellites, 
Jupiter and Uranus have each four. It is evident that in the solar systems also we 
meet with these higher numbers four and eight which appear in the combination of 
chemical molecules. 
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therefore OH2(OH)* should yield, as it actually does, immediately 
water and the oxide of methylene, CH*0, which is methane with 
oxygen substituted for two atoms of hydrogen. Exactly in the 
same manner out of CH(OH)® are formed water and formic acid, 
CHO(OH), and out of C(OH)* is produced water and carbonic 
acid, or directly carbonic anhydride, CO^, which will therefore be 
nothing else than methane with the double replacement of pairs of 
hydrogen by oxygen. As nothing leads to the supposition that the 
four atoms of hydrogen in methane differ one from the other, so it docs 
not matter by what means we obtain any one of the combinations 
indicated — they will be identical ; that is to say, there will be no case 
of actual isomerism, although there may easily be such cases of 
isomerism as have been distinguished by the term metamerism. 

Formic acid, for example, has two atoms of hydrogen, one attached 
to the carbon left from the methane, and the other attached to the 
oxygen which has entered in the form of hydroxyl, and if one of them 
be replaced by some substance X it is evident that we shall obtain 
bodies of the same composition, but of different construction, or of 
different orders of movement among the molecules, and therefore 
endowed with other properties and reactions. If X be methyl, CH.‘*, 
that is to say, a group capable of replacing hydrogen because it is 
actually contained with hydrogen in methane itself, then by substi- 
tuting this group for the original hydrogen, we obtain acetic acid, 
CCfl^O(OH), out of formic, and by substitution of the hydrogen in 
its oxide or hydroxyl we obtain methyl formiate, OHO(OCH^). These 
bodies differ so much from each other physically and chemically 
that, at lirst sight, it is hardly possible to admit that th<^ contain the 
same atoms in identically the same proportions. Acetic acid, for 
example, boils at a higher temperature than water, and has a higher 
specific gravity than' it, while its metamer, formo-methylic other, is 
lighter than water, and boils at 30"^, that is to say, it evaporates very 
easily. 

Let us now turn to carbon compounds containing two atoms of 
carbon to the molecule, as in acetic acid, and proceed to evolve 
them from methane by the principle of substitution. This principle 
declares at once that methane can only be split up in tho four 
following ways : — 

1. Into a group CH^ equivalent with H. Let us call changes of 
this nature methylation. 

2. Into a group CH^ and H^. We will call this order of 
substitutions methylcnation. 

3. Into CH and 11^, which commutations wo will call acetylona- 

tion. ' 

4. Into C and which may bo called carbonisation. ^ 

It is evident that hydrocarbon compounds containing two atoms of 
carbon, can only proceed from methane, which contains fbur atoms 
of hydrogen by the first three methods of substitution ; carbonising 
would yield free carbon if it could take place directly, and if tho 
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molecule of free carbon — which is in reality very complex, that is to 
say strongly polyatomic, as I have long since been proving by various 
means — could contain only like the molecules O^, and so on. 

By methylation we should evidently obtain from marsh ffas, 
ethane, CH^CH^ = 0m\ 

By methylenation, that is by substituting group CII^ for 
methane forms ethylene, CH^CH'* = 

By acctylenation, that is by substituting three atoms of hydrogen, 
IP, in methane, by the remnant CH, we got a<?etyleno CHCH = C^H^. 

If we have applied the principles of Newton correctly, there should 
not be any other hydrocarbons containing two atoms of carbon in the 
molecule. All these combinations have long been known, and in 
each of them we can not only produce those substitutions of which 
an example has been given in the case of methane, but also all the 
phases of other substitutions, as we shall find from a few more 
instances, by the aid of which I trust that I shall be able to show the 
groat complexity of those derivatives which, on the principle of sub- 
stitution, can bo obtained from each hydrocarbon. Let us content 
ourselves with tlio case of ethane, ( \ and the substitution of 
the hydrogen by hydroxyl. The following are the possible changes. 

1. CH‘‘CIl^(OH) : this is nothing more than spirit of wine, or 

ethyl alcohol, or 

2. Cll‘^(OH)ClP(OII) : this is the glycol of Wurtz, which has 

shed so much light on the history of alcohol. Its isomer may be 
CH^CH(Oll)^ but as we have scon in the ease of 011(0X1)'^, it 
decompose s giving off water, and forming aldehyde, a body 

capable of yielding alcohol by uniting with hydrogen and of yielding 
acetic acid by uniting with oxygen. 

If glycol CH*(01l)CU’'(0H) loses its water, it may be seen at 
onco that it will not now yield aldehyde, CH-^CHO, but its isomer, 


, the oxide of etliylene. 


I have here indicated in a special 


manner the oxygen which has taken the place of two atoms of the 
hydrogen of ethane taken from different atoms of the carbon. 

3. CH'^C(OH)’* decomposed as CH(OH)^, forming water and acetic 
acid Oll^CO(OlI). It is evident that this acid is nothing else than 
formic acid, CHO(OLI), with its hydrogen replaced by methyl. 
Without examining further the vast number of possible derivatives, 
I will direct your attention to the circumstance that in dissolving 
acetic acid in water wo obtain the maximum contraction and the 
greatest viscosity when to the molecule Cn^CO(OH) is added a 
molecule of water, which is the proportion which would form the 
hydrate CII^C(Ony\ It is probable that the doubling of the mole- 
cule of acetic acid at temperatures approaching its boiling point has 
some connection with this power of uniting with one molecule of 
water. 

4. Cri*(OH)C(On)^ is evidently alcoholic acid, and indeed this 
compound, after losing water, answers to glycolic acid, CH*(OH)CO 
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(OH). Without invoBtigating all tlie possiblo isomers, we will note 
only that the hydrate CH(OH)*CH(OII)* has the same composition 
as CH®(OH)C(OH)^ and altnough corresponding to glycol, and 
being a symmetrical substance, it becomes on parting with its water 
aldehyde of oxalic acid, or the glyoxal of Debus, CHOCHO, 

5. CH(OH)*C(On3), from the tendency of all the preceding, 
corresponds to glyoxylic acid, aldehyde acid, CHOCO(OH), because 
the group CO(OH), or carboxyl, enters into the compositions of 
organic acids, and the group CHO defines the aldehyde function. 

6. C(OH)^C(OH)^ through the loss of 2H®0 yields the bibasic 
oxalic acid CO(OH)CO(OH), which generally crystallises with 
2H*0, following thus the normal type of hydration characteristic of 
ethane.* 

Thus, by applying the principle of substitution, wo can, in the 
simplest manner, derive not only every kind of hydrocarbon com- 
pound, such as tlio alcohols, the aldehyde alcohols, aldehydes, alcohol 
acids, and the acids, but also combinations analogous to hydrated 
crystals which usually are disregarded. 

But even those unsaturated substances, of which ethylene, CII^CH®, 
and acetylene, CHCH, are typos, may be evolved with equal sim- 
plicity. With respect to the phenomena of isomerism, there are 
many possibilities among the hydrocarbon compounds containing 
two atoms of carbon, and without going into details it will be 
sufficient to indicate that the following formiil©, though not identical, 
will be isomeric substantially among themselves: — CIDCHX* and 
CH*XCH*X, although both contain C*H^X*, or CIDCX^ and 
OIIXCHX, although both contain if by ^ we indicate 

chlorine or generally an element capable of replacing one atom of 
hydrogen, or capable of uniting with it. To isomerism of this kind 
belongs the case of' aldehyde and the oxide of ethylene, to which we 
have already referred, because both have the composition C^H^O. 


* One more isomer, CH*CH (OH), is po88i>)lc, that is secondary vinyl alcohol, 
which is relate<l to ethylene, CH*CH’, but derived by the principle of substitution 
from CH*. Other isomers of the composition C*H^O, such, for example, as 
CHCH* (OH), are impossible, because it would correspond to the hydrocarbon 
CHCH*=C*H*, which is isomeric with ethylene, and it cannot lie derived from 
methane. If such an isomer existed, it would be derived from CH*, but 
such products are up to the present unknown. In such cases the insufficiency of 
the points of departure of the statical structural teaching is shown. It first 
admits constant atomicity and then rejects it, tiie facts serving to establish either 
one or the other view ; and therefore, it seems to me, tliat we must come to the 
conclusion that tbo structural method of reasoning, having done f service to 
science, has outlived the age, and must be regenerated os, in their ti|ne, was the 
teaching of the electro-chemists, the radicalists. and the adherents of fho doctrine 
of types. As we cannot now lean on the views above stated, it is timd to abandon 
the structural theory. They will all be united in chemical mechanics, and the 
principle of substitution must be looked ufion only as a pre paration fo^ the coming 
epoch in chemistry, where such cases as the isomerism of fumario and maleic 
acids, when explained dynamically, as proposed by Lc Bel and Van't Hoff, may 
yield points of departure. 
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What I have said appears to me sufficient to show that the 
principle of substitution adequately explains the composition, the 
isomerism and all the diversity of combination of the hydrocarbons, 
and I shall limit tho further development of these views to preparing 
a complete list of every possible hydrocarbon compound containing 
three atoms of carbon in tho molecule. There are eight in all, of 
which only five are known at present.* 

Among those possible for there should be two isomers, 

propylene and tri methylene, and they are both already known. For 
there should be three isomers : allylene and allone are known, 
but the third has not yet been discovered ; and for C^Il^ there should 
be two isomers, though neither of them are known as yet. Their 
composition and structure is easily deduced from ethane, ethylene, 
and acetylene, by methylation, methylenation, by acetylenation and 
by carbonisation. 

1. C^ll^ = CIT^CH^CH-‘ out of ClI^CII" by methylation. This 
hydrocarbon is named propane. 

2. = CIPCflCH^ out of Cn^CH* by methylenation. This 
substance is propylene. 

3. Cmf ^^CWCWGW out of CTPCIP by methylenation. This 
substance is trimethylcno. 

4. C'^H^ = CH-*CC11 out of CIPCII^ by acetylenation or from 
CHOU by methylation. This hydrocarbon is named allylene. 

5. = CHCH out of ClI'^Cll*^ by acetylenation, or from 

CH^ 

CH^CH* by methylenation, because OH^CH = CHCH. Tliis body 

CH cir 

is as yet unknown. 

6. C^'H" = CHTCH^ out of CHT.H' by methylenation. This 
hydrocarbon is named alleue, or iso-ally lone. 

7. C^H'^ = CHCH out of CH^H* by symmetrical carbonisation, 

C 

or out of CH^Cff by acetylenation. This compound is unknown. 

8. C^H* = CO out of CH^CH-* by carbonisation, or out of CHCH 

CH^ 

by methylenation. This compound is unknown. 

If wo bear in mind that for each hydrocarbon serving as a type 
in the above tables there are a number of corresponding derivatives, 
and that every compound obtained may, by further methylation, 
methylenation, acetylenation, and carbonisation, produce new hydro- 
carbons, and these may bo followed by a numerous suite of derivatives 
and an immense number of isomeric bodies, it is possible to under- 
stand tho limitless number of carbon compounds, although they all 


♦ Conceding variable atomicity, the structurists mu&t expect an incomparably 
larger number of isomers, and they cannot now decline to acknowledge the change 
of atomicity, were it only for tho examples IlgCl and IlgCP, CO and CO®, PCI* 
and PCP. 
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have the one substance, methane, for their origin. The number of 
substances is so enormous that it is no longer a question of enlarging 
the possibilities of discovery, but rather of finding some means of 
testing them, analogous to the well-known two which for a long 
time have served as gauges for all carbon compounds. 

1 refer to the law of even numbers and to that of limits, the 
first enunciated by Gerbardt forty years ago, with respect to hydro- 
carbons, namely, that their molecules always contain an even number 
of atoms of hydrogen. But by tho method which I have used of 
deriving all the hydrocarbons from methane, CH*, this law may be 
deduced as a direct consequence of the principle of substitutions. 
Accordingly, in methylation, CH^ takes the place of H, and there- 
fore CHD* is added. In mothylenation the number of atoms of hydrogen 
remains unchanged, and at each acetylcnation it is reduced by two, 
and in carbonisation by four atoms, that is to say, an even number 
of atoms of hydrogen is always added or removed. And because 
the fundamental hydrocarbon, methane, CH^, contains an even number 
of atoms of hydrogen, therefore all its derivative hydrocarbons will 
also contain even numbers of hydrogen, and this constitutes the law 
of even numbered parts. 

The principle of substitutions explains with equal simplicity tho 
conception of limiting compositions of hydrocarbons, \ which 

I derived, in 1861,* in an empirical manner from accumulated 
materials available at that time, and on the basis of the limits to 
combinations worked out by Dr. Frankland for other elements. 

Of all tho various substitutions the highest proportion of hydrogen 
is yielded by methylation, because in that operation alone does the 
quantity of hydrogen increase ; therefore, taking methane as a point 
of departure, if we imagine methylation effected (w — 1) times we 
obtajn hydrocarbon Compounds containing the highest quantities of 
hydrogen. It is evident that they will contain 

CH* + (n - 1) CH*, or C”H2-+2 , 

because methylation leads to the addition of CH® to the compound. 

It will thus bo seen that by tho principle of substitution — that is 
to say, by the third law of Newton — \^e are able to deduce, in the 
simplest manner, not only tho individual composition, the isomerism, 
and relations of substances, but also the general laws which govern 
their most complex combinations, without having recourse cither to 
statical constructions, to the definition of atomicities, to the exclusion 
of free aflSnities, or to the recognition of those single, double^ or treble 
ties which are so indispensable to structurists in the expUnati^n of 
the composition and construction of hydrocarbon compounds. And 
yet, by the application of the dynamic principles of Newtofi, we can 


* ^Essai d’une th^rie sor les limites des oombinaifions organiques,’ par 
D. Mendelf^ff, 2/11 aoClt 1861, * Bulletin de rAcad^mie i. d. Sc. de St. Peters- 
bourg,’ t. V. 
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attain to that chief and fundamental object — the comprehension of 
isomerism in hydrocarbon compounds, and the forecasting of the 
existence of combinations as yet unknown, by which the ediace 
raised by structural teaching is strongtliened and supported. Besides, 
and I count this for a circumstance of special importance, the process 
which I advocate will make no dift’erenco in those special cases which 
have been already so well worked out, such as, for example, the 
isomerism of the hydrocarbons and alcohols, even to the extent of not 
interfering with the nomenclature which has been adopted, and the 
structural system will retain all the glory of having worked up, in a 
thoroughly scientific manner, tlio store of information which Gerhardt 
had accumulated about the middle of the fifties, and the still higher 
glory of establishing the rational synthesis of organic substances. 
Nothing will be lost to the structural doctrine, except its statical 
origin ; and as soon as it will embrace the dynamic principles of 
Newton, and sulfcr itself to be guided by them, I believe that we shall 
attain, for chemistry, that unity of 2)rinciple which is now wanting. 
Many an adept will be attracted to that brilliant and fascinating 
cnter2)ri8e, the penetration into the unseen world of tlie kinetic rela- 
tions of intuiiib, to the study of which the last twenty-five years have 
contributed so much labour and such high inventive faculties. 

D’Alembert found in mechanics, that if inertia be taken to repre- 
sent force, dynamic equations may be applied to statical questions 
which are thereby reiiden d more simido and inoro easily understood. 

The structural dootrino in chemistry has unconsciously followed 
the same course, and therefore its t(‘rm 8 are easily adopted ; they may 
retain their jiresent forms provided that a truly dynamical, that is to 
say, Newtonian meaning be ascribed to them. 

Before finishing my task and demonstrating the possibility of 
adaj)ting structural doctrines to tlio dynamics of Now^ton, I consider 
it indis]jensable to touch on one question which naturally arises, and 
wliich I have heard discussed more than once. If bromine, the atom 
of wliich is eighty times heavier than that of hydrogen, takes the 
j>lace of hydrogen", it would seem that the whole system of dynamic 
equilibrium must be de^troyed. 

Without entering into the minute analysis of this question, I 
think it will bo sufficient to examine it by the light of two well- 
known phenomena, one of which will be found in the department of 
chemistry, and tlie other in that of celestial mechanics, and both will 
R.rve to demonstrate the existence of that unity in the plan of 
creation, which is a cuiisequonco of the Newtonian doctrines. 
Experiments demonstrate that when a heavy element is substituted 
for a light one, in a chemical compound — an atom of magnesium in 
the oxide of that metal, for example, for mercury, the atom of which 
is 8 ^ times heavier — the chief chemical cbai acteristics or properties 
are generally though not always preserved. 

The substitution of silver for hydrogen, than which it is 
108 times heavier, does not affect all the properties of the substance. 
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though it docs some. Therefore chemical substitutions of this kind, 
the substitution of light for heavy atoms, need not necessarily entail 
changes in the original equilibrium ; and this point is still further 
elucidated by the consideration that the periodic law indicates the 
degree of influence of an increment of weight in the atom as affecting 
the possible equilibria, and also what degree of increase in the 
weight of the atoms reproduces some, though not all, the properties 
of the substance. 

This tendency to repetition, those periods, may be likened to 
those annual or diurnal periods with which we are so familiar on the 
earth. Days and years follow each other : but, as they do so, many 
things change , and in like manner chemical evolutions, changes in 
the masses of the elements, permit of much remaining undisturbed, 
though many properties undergo alteration. The system is main- 
tained according to the laws of conservation in nature, but the 
motions are altered in consequence of the change of parts. 

Next, let ns take an at-tronoinical case, such for example as the 
earth and the moon, and let us imagine that the mass of the latter is 
constantly inci easing. The question is, what will then occur ? Tlio 
path of the moon in space is a \\ave-liiie similar to that which 
geometricians have named t‘picycloidal, or the locus of a point in a 
circle rolling round another circle. But in consequence of the 
influence of the moon, it is evident that the path of the oartli itself 
cannot be a geomctiic ellipse, even supjiosing tlie sun to bo im- 
movably fixed ; it must be an epicycloidul curve, though not very 
far removed from the true ellipse, that is to say, it will be impressed 
with but faint undulations. It is only the common centrt' of gravity 
of the earth and the moon which describes a true ellipse* round the 
sun. Il the moon were to increase, the relative undulations of tho 
earth’s path would increase in amplitude, those of tlic moon would 
also dliangc, and wlieii tlie muss of tho moon had increased to an 
equality witli that of the caitli, tho path w'oiild consist of epicycloidal 
curves crossing each other, and having opposite iibnses. But a 
similar relation exists Ik tween tlie sun and the earth because the 
former is also moving in space. We may apply these views to tho 
world of atoms, and suppose that, in their movements, when heavy 
ones take the place of those that are lighter, similar changes take 
place provided that the system or the molecule is preserved through- 
out the change. 

It seems probable that in the heavenly systems, during incalculable 
astronomical periods changes have taken place and are still going 
on similar to those which pass rapidly before our eyes diir^ig tho 
chemical reaction of molecules and the progress of molecuSir me- 
chanics, may — wc hope will — in course of time, permit us to Explain 
those change^ in the stellar world which have more than on^o been 
noticed by astronomers, and which are now so carefully studifed. A 
coming Newton will discover the laws of these changes. Those 
laws, when applied to chemistry, may exhibit peculiarities, but these 
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will certainly be mere variations on the grand harmonious theme 
which roigns in nature. Tho discovery of the laws which produce 
this harmony in chemical evolutions will only be possible, it seems 
to me, under tho baiinor of Newtonian dymimios wliich have so long 
waved over the domains of mechanics, astronomy, and physics. In 
calling chemists to take their stand under its peaceful and catholic 
shadow I imagine that I am aiding in establishing that scientific 
union which the managers of the Royal Institution wish to effect, 
who have shown their desire to do so by the flattering invitation 
which has given me— a Russian— tho opportunity of laying before 
tho countrymen of New'ton an attempt to apply to chemistry one of 
his immortal principles, 

[D. M.] 



Friday, June 14, 1889. 


William Huggins, Esq. D.C.L. LL.D. F.K.S. Vice-President, 
in the Chair. 

C. V. Boys, Esq. F.R.S. 

Quartz Fibres. 

In almost all investigations which the physicist carries out in the 
laboratory, he has to deal with, and to measure with accuracy, those 
subtle, and, to our senses, inappreciable forces to which the so-called 
laws of nature give rise. Whether he is obse^rving by an electrometer 
the behaviour of electricity at rest, or by a galvanometer tlie action 
of electricity in motion ; whether in the tube of Crookes he is investi- 
gating the power of radiant matter, or by the famous experiment of 
Cavendish he is finding the mass of the earth — in these and in a host 
of other cases he is bound to measure, with certainty and accuracy, 
forces so small that in no ordinary way could their existence l>e 
detected; while disturbing causes, which might seem to be of no 
particular consequence, must bo eliminated if his experiments are to 
have any value. It is not too much to say that the very Gsistence of 
the physicist depends upon the power which ho possesses of producing 
at will, and by artificial means, forces against which he balances 
those Uiat he wishes to measure. 

I had better, perhaps, at once indicate in a general way the 
magnitude of the forces with which we liavo to deal. 

The weight of a single grain is not to our senses appreciable, 
while the weight of a ton is sufficient to crush the life out of any one 
in a moment. A ton is about 15,000,000 grains. It is quite possible 
to measure, with unfailing accuracy, forces which bear the same 
relation to the weight of a grain that a grain bears to a ton. 

To show how the torsion of wires or threads is made use of in 
measuring forces, I have arranged what I can hardly dignify by the 
name of an experiment. It is simply a straw hung horizontally by a 
piece of wire. Keating on the straw is a fragment of sheet-iron 
weighing ten grains. A magnet, so weak that it cannot lift the iron, 
yet is able to pull the straw round through an angle so great 4iet the 
existence of the feeble attraction is evident to every one in the! room. 

Now it is clear that if, instead of a straw moving over thb table 
simply, we had here an arm in a glass case and a mirror to read the 
motion of the arm, it would be easy to observe a movement a hundred 
or a thousand times less than that just produced, and, therefore, to 
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measure a force a hundred or a thousand times less than that exerted 
by this feeble magnet. 

Again, if instead of wire as thick as an ordinary pin, I had used 
the finest wire that can be obtained, it would have opposed the move- 
ment of the straw with a far less force. It is possible to obtain wire 
ten times finer that this stubborn material, but wire ten times finer 
is much more than ton times more easily twisted. It is ten thousand 
times more easily twisted. This is because the torsion varies as the 
fourth power of the diameter, so we say 10 X 10 = 100 ; 100 x 100 
= 10,000. Therefore, witli the finest wire, foicos 10,000 times 
feebler still could be observed. 

It is, therefore, evident how great is the advantage of reducing the 
size of a torsion wire. Even if it is only halved, the torsion is 

0 s 10 


Scale of lOOOtha of an inch for Figa I to 7 The scale ot Figs, ti and 9 is 

much finer. 

Fig 1. Fig. 2. Fig 3 



reduced sixteen-fold^ To give a better idea of the actual sizes of 
such wires and fibres as are in use, I shall show upon the screen a 
series of photographs taken by Mr. Chapman, on each of which a 
scale of thousandths of an inch has been printed. 

The first photograph (Fig. 1) is an ordinary hair — a sufficiently 
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familiar object, and one that is generally spoken of as if it were 
rather fine. Much finer than this is the specimen of copper wire now 
on the screen (Fig. 2), which I recently obtained from Messrs. Nalder 
Brothers. It is only a little over one- thousandth of an inch in 
diameter. Ordinary spun glass, a most beautiful material, is about 
one-thousandth of an inch in diameter, and this would appear to be 
an ideal torsion thread (Fig. 3). Owing to its fineness, its torsion 
would be extremely small, and the more so because glass is moro 
easily deformed than metals. Owing to its very great strength, it can 
carry heavier loads than would be expected of it. I imagine many 
physicists must have turned to this material in their endeavour to 
find a really delicate torsion thread. I have so turned, only to be 
disappointed. It has every good quality but one, and that is its 
imperfect elasticity. For instance, a mirror hung by a piece of spun 
glass is casting an image of a spot of light on the scale. If I turn 
the mirror, by means of a fork, twice to the right, and then turn it 
back again, the light does not come back to its old point of rest, but 
oscillates about a point on one side, which, however, is slowly chang- 
ing, so that it is impossible to say what the point of rest 
really is. Further, if the glass is twisted one way first, and 
then the other way, tho point of rest moves in a manner 
which shows that it is not influenced by the last deflection 
alone : the glass remembers what was done to it previously. 

For this reason spun glass is quite unsuitable as a torsion 
thread ; it is impossible to say what the twist is at any time, 
and, therefore, what is the force developed. 

So great has the difficulty been in finding a fine torsmn 
thread, that tho attempt has been given up, and in all the 
most exact instruments silk has been used. Tho natural 
cocoon fibres, as shown on tho screen (Fig. 4), consist of 
two irregular lines gummed together, each about one two- 
thousandth of an inch in diameter. These fibres must bo 
separated from one another and washed. Then each com- 
ponent will, according to the experiments of Gray, carry 
nearly 60 grains before breaking, and can be safely loaded 
with 15 grains. Silk is, therefore, very strong, carrying at 
the rate of from 10 to 20 tons to the square inch. It is 
further valuable in that its torsion is far less than that of a 
fibre of the same size of metal or even of glass, if such could 
be produced. The torsion of silk, though exceedingly small, 
is quite sufficient to upset tho working of any delicate in- 
strument, because it is never constant. At one time the | 
fibre twists one way, and at another time another, and tho ^ 
evil effect can only bo mitigated by using large apparatus ^ which 
strong forces are developed. Any attempt that may bo inade to 
increase the delicacy of apparatus by reducing their dimonsii^ns is at 
once prevented by the relatively great importance of tho vagaries of 
the silk suspension. 
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The result, then, is this. The smallness, the length of period, 
and therefore delicacy, of the instruments at the physicist’s disposal 
have until lately been simply limited by the behaviour of silk. A 
more perfect suspension means still more perfect instruments, and 
therefore advance in knowledge. 

It was in this way that some improvements that I was making in 
an instrument for measuring radiant heat came to a deadlock about 
two years ago. 1 would not use silk, and I could not hnd anything 

else that ^\ould do. Spun glass, 
even, was far too coarse for my 
purpose ; it was a thousand times 
too stiff. 

There is a material, invented 
by Wollaston long ago, which, 
however, I did not try, because it 
is so easily broken. It is platinum 
wire which has been drawn in 
silver, and finally separated by 
the action of nitric acid, A speci- 
men about the size of a single line 
of silk is now on the screen, show- 
ing the silver coating at one end 
(Fig. 6). 

As nothing that I knew of 
could be obtained that would bo 
of use to me, I was driven to the 
necessity of trying by experiment 
to find some new material. The 
result of these experiments was the 
development of a process of almost 
ridiculous simplicity, which it 
may be of interest for mo to show. 

The apparatus consists of a 
small cross-bow, and an arrow 
made of straw with a needle point. 
To the tail of the arrow is attached 
a fine rod of quartz, which has 
been melted and drawn out in the 
oxy hydrogen jet. I have a piece 
of the same material in my hand, 
and now, after melting their ends 
and joining them together, an operation which produces a beautiful 
and dazzling light, all I have to do is to liberate tho string of the bow 
by pulling the trigger with one foot, and then, if all is well, a fibre 
will have been drawn by the arrow, the existence of which can be 
made evident by fastening to it a piece of stamp-paper. 

In this way threads can bo produced of great length, of almost 
any degree of tiuonesp, of extraordinary uniformity, and of enormous 
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Btrength. I do not believe, if any experimentalist had been promised 
by a good fairy that he might have anything he desired, that he would 
have ventured to ask for any one thing with so many valuable 
properties as these fibres possess. I hope, in the course of this 
evening, to show that I am not exaggerating their merits. 

In the first place, let me say something about the degree of fine- 
ness to which they can be drawn. There is now projected upon the 
screen a quartz fibre one five-thousandth of an inch in diameter 
(Fig. 6). This is one which I had in constant use in an instrument 
and carrying about 30 grains. It has a section only one- 
sixth of that of a single line of silk, and it is just as Fio. 6. Fig. 7. 
strong. Not being organic, it is in no way affected by 
changes of moisture and temperature, and so it is free 
from the vagaries of silk which give so much trouble. 

The piece used in the instrument w^as about 16 inches 
long. Had it been necessary to employ spun glass, whi(;h 
hitherto was the finest torsion material, then, instead of 
16 inches, I should have required a piece 1000 feet long, 
and an instrument as high as the Eiffel tow'er to put it in. 

There is no difficulty in obtaining pieces as fine as this 
yards long if required, or in spinning it very much finer. 

There is upon the screen a single lino made by the small 
garden spider, and the size of this is perfectly evident 
(Fig. 7). You now sec a quartz fibre far finer than this, 
or, rather, you see a diffraction phenomenon, for no true 
image is formed at all ^ but even this is a consjucuous 
object in comparison with the tapering ends, wdiich it if\^ 
absolutely impossible to trace in a microscope. The next 
two photographs, taken by Mr. Nelson, whose skill and 
resources are so famous, represent the extreme end of a 
tail of quartz, and though the scale is a great deal larger 
than that used in the other photographs, the end will be 
visible only to a few. Mr. Nelson has photographed here 
what it is absolutely impossible to see. What the size 
of these ends may be, I have no means of telling. Dr. 

Eoyston Piggott has estimated some of them at less than one-millionth 
of an incli, but whatever they are, they supply for the first time ob- 
jects of extreme smallness, the form of which is certainly known, 
and therefore I cannot help looking upon them as more satisfactory 
tests f<»r the microscope than diatoms and other thinf^s of the real 
shape of which we know nothing whatever. 

iSince figures as large as a million cannot be realised projperly, it 
may be worth while to give an illustration of what is meant by a fibre 
one-millionth of an inch in diameter. ^ 

A piece of quartz an inch long and an inch in diameter Would, if 
drawn out to this degree of fineness, be sufficient to go all the way 
round the world 668 times; or a grain of sand, just visible— that is, 
one-hundredth of an inch long and one-hundredth of an inch in 
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diametor—would make 1000 miles of such thread. Further, the 
pressure inside such a thread, due to a surface tension equal to that of 
water, would be 60 atmospheres. 

Going back to such threads as can be used in instruments, I have 
made use of fibres one ten-thousandth of an inch in diameter, and with 
these the torsion is 10,000 times less than that of spun glass. 

As these fibres are made finer, their strength increases in pro- 
portion to their size, and surpasses that of ordinary bar steel, 
reaching, to use the language of engineers, as high a figure as 80 
tons to the inch. Fibres of ordinary size have a strength of 60 tons 
to the inch. 

While it is evident that these fibres give us the means of pro- 
ducing an exceedingly small torsion, and one that is not affected by 
weather, it is not yet evident that they may not show the same 
fatigue that makes spun glass useless. I have therefore a duplicate 
apparatus with a quartz fibre, and you will see that the spot of light 
comes back to its true place on the screen after the mirror has been 
twisted round twice. 

I shall qow for a moment draw your attention to that peculiar 
property 6t melted quartz that makes threads such as I have been 
describing a possibility. A liquid cylinder, as Plateau has so 
beautifully shown, is an unstable form. It can no more exist than 
can a pencil stand on its point. It immediately breaks up into a 
series of spheres. This is well illustrated in that very ancient 
experiment of shooting threads of resin electrically. When the resin 
is hot, the liquid cylinders which are projected in all directions 
break up into spheres, as you see now upon the screen. As the resin 
cools, they begin to develop tails ; and when it is cool enough, i. o. 
sufficiently viscous, tho tails thicken, and the beads become less, and 
at last uniform threads are tho result. Tho series of photographs 
show this well. 

There is a far more perfect illustration, which we have only to go 
into the garden to find. There we may see in abundance what is 
now upon tho screen — the webs of those beautiful geometrical spiders. 
The radial threads are smooth, like the one you saw a few minutes 
ago, but tho threads that go round and round, are beaded. The 
sjiider draws these webs slowly, and at tho same time pours upon 
them a liquid, and still further to obtain the effect of launching a 
liquid cylinder in space, he, or rather she, pulls it out like the string 
of a bow, and lots it go with a jerk. Tho liquid cylindci cannot 
exist, and the result is what you now sec upon tho screen (Fig. 8). 
A more perfect illustration of tho regular breaking up of a liquid 
cylinder, it would bo impossible to find. The beads are, as Plateau 
showed they ought to be, alternately large and small, and their 
regularity is marvellous. Sometimes two 'dill smaller beads are 
developed, as may bo seen in the second photogmph, thus completely 
agreeing with the results of Plateau’s investigations. 

I have heard it maintained that the spider goes round her web 
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and places these beads there afterwards. But since a web with about 
860,000 beads is completed in an hour — that is, at the rate of about 
100 a second — this does not seem likely. That what I have said is 
true, is made more probable by the photograph of a « ^ p 

beaded web that I have made myself by simply strok- 
ing a quartz fibre with a straw wetted with castor-oil 
(Fig. 9). It is rather larger than a spider line ; but 
1 have made beaded threads, using a fine fibre, quite 
indistinguishable from a real spider web, and they 
have the further similarity that they are just as good 
for catching flies. 

Now, going back to the melted quartz, it is evident 
that if it over became perfectly liquid, it could not 
exist as a fibre for an instant. It is the extreme viscosity 
of quartz, at the heat even of an electric arc, that 
makes these fibres possible. The only difiTcrence be- 
tween quartz in the oxyhydrogen jot, and quartz in the 
arc, is that in the first you make threads, and in the 
second are blown bubbles. I have in my hand some 
microscopic bubbles of quartz, showing all the per- 
fection of form and colour that we arc familiar with 
in the soap bubble. 

An invaluable property of quartz is its power 
of insulating perfectly, even in an atmosphere saturated 
with water. The gold leaves now diverging, were 
charged some time before the lecture, and hardly show 
any change, yet the insulator is a rod of quartz only 
three-quarters of an inch long, and the air is kept 
moist by a dish of water. The quartz may even bo 
dipped in the watcF, and replaced with the water upon it, without 
any difference in the insulation being observed. 

Not only can fibres bo made of extreme fineness, but they are 
wonderfully uniform in diameter. So uniform arc they, that tlicy 
perfectly stand an optical tost so severe that irregularities invisible 
in any microscope would immediately bo mado apparent. Every one 
must have mjticed, when the sun is shining upon a border of flowers 
and shrubs, bow the lines which the spiders use as railways to travel 
upon from place to place glisten with brilliant colours. These colours 
are only produced when the fibres are suflSeiontly fine. If you take 
one of these webs and examine it in the sunlight, you will find that 
the colours are variegated, and the effect consequently is one of 
great beauty. 

The quartz fibre of about the same size shows coloi|rs in the 
same way, but*' the tint is perfectly uniform on tho flbr^ If the 
colour of the fibre is examined with a prism, the spectrurfe is found 
to consist of alternate bright and dark bands. Upon tho Screen are 
photographs taken by Mr. Briscoe, a student in the laboratory at 
South Kensington, of the spectra of some of these fibres at different 
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angles of incidence. It will be seen that coarse fibres have more 
bands than fine, and that the number increases with the angle of 
incidence of the light. There are peculiarities in the march of the 
bands as the angle increases which I cannot describe now. I may 
only say that they appear to move not uniformly but in waves, pre- 
senting very much the appearance of the legs of a caterpillar walking. 

So uniform are the quartz fibres, that the spectrum from end to 
end consists of parallel bands. Occasionally a fibre is found which 
presents a slight irregularity here and there. A spider line is so 
irregular that these bands are hardly observable ; but, as the photo- 
graph on the screen shows, it is possible to trace them running up 
and down the spectrum when you know what to look for. 

To show that these longitudinal bands are due to the irregularities, 

I have drawn a taper piece of quartz by hand, in which the two edges 
make with one another an almost imperceptible angle, and the spectrum 
of this shows the gradual change of diameter by the very steep angle 
at which the bands run up the spectrum. 

Into the theory of the development of these bands I am unable to 
enter ; that \s a subject on which your Professor of Natural Philosophy 
is best abhi to* speak. Perhaps I may venture to express the hope, 
as the experimental investigation of this subject is now rendered 
possible, that he may be induced to carry out a research for which he 
is so eminently fitted. 

Though this is a subject which is altogether beyond me, I have 
been able to use the results in a practical way When it is required 
to place into an instrument a fibre of any particular size, all that has 
to be done is to hold the frame of fibres towardc a bright and distant 
light, and look at them tlirough a low-angled prism. The banded 
spectra are then visible, and it is the work of a moment to pick out 
one with the number of bands that bas been found to be given by a 
fibre of the desired size. A coarse fibre may have a dozen or more, 
while such fibres as 1 find most useful have only two daik bands. 
Much finer ones exist, showing the colours of the first order with one 
dark hand ; and fibres so fine as to correspond to the white, or even 
the gray, of Newton’s scale, are easily produced. 

Passing now from the most scientific test of the uniformity of 
these fibres, I shall next refer to one more homely. It is simply this ; 
the common garden spider, except when very young, cannot climb up 
one of the same size as the web on which she displays such activity. 
She is perfectly helpless, and slips down like a bead upon a wire. 
After vainly trying to make any headway, she finally puts her hands 
(or feet) into her mouth, and then trios again, with no better success. 
I may mention that a male of the same 8}>ccies is able to run up one 
of these with the greatest case, a feat which may perhaps save the 
lives of a few of these unprotected creatuTos when quartz fibres 
are more common. 

It is possible to make any quantity of very fine quartz fibre with- 
out a bow and arrow at all, by simply drawing out a rod of quartz 
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over and over again in a strong oxyhydrogcn jet. Then, if a stand 
of any sort has been placed a few feet in front of tho jet, it will be 
found covered with a maze of thread, of which the photograph on the 
screen represents a sample. This is hardly distinguishable from the 
web spun by this magnificent spider in corners of greenhouses and 
such places. By regulating the jet and the manipulation, anything 
from one of these stranded cables to a single ultro-microscope line 
may be developed. 

And now that I have explained that these fibres have such valu- 
able properties, it will no doubt be expected that I should perform 
some feat with their aid which, up to tho present time, has boon 
considered impossible, and this I intend to do. 

Of all experiments, the one which has most excited my admiration, 
is tho famous experiment of Cavendish, of which I have a full-size 
model before you. The object of this experiment is to weigh the 
earth by comparing directly the force with which it attracts things 
with that due to largo masses of load. As is shown by the model, 
any attraction ^^hich these large balls exert on tho small ones will 
tend to deflect this six-foot beam in one direction, and then if the 
balls are reversed in position, the deflection will be in tho other 
direction. Now, when it is considered how enormously greater tho 
earth is than these balls, it will be evident that the attraction due to 
them must in comparison be excessively small. To make this evident, 
the enormous apparatus you see had to be constructed, and then, 
using a fine torsion wire, a perfectly certain but small effect was 
produced. The experiment, however, could only bo successfully 
carried out in cellars or specially protected places, beQftuso cliaiigos 
of temperature produced effects greater than those duo to gravity.* 

Now I have, in a hole in the wall, an instrument no bigger than 
a galvanometer, of which a model is on the table. The balls of tho 
Cavendish ajiparatus, weighing several hundredweight each, are rc'- 
placcd by balls weighing 1 1 lb. only. The smaller balls of 1 1 lb. 
arc replaced by little weights of 15 grains each. I’he 6-fout beam 
is replaced by one that will swing round freely in a tube three- 
quarters of an inch in diameter. The heaiii is, of course, suspended 
by a quartz fibre. With this microscopic apparatus, not onlj^is the 
V(‘ry feeble attraction observable, but I can aetiially obtain an eflect 
eighteen times as great as that given by the apparatus of Cavendish, 
and, what is more imjx)rtant, the accuracy of observation is 
enormously increased. 

The light from a lamp passes through a telescope lens, and falls 
on the mirror of tho instrument. It is reflected back to the table, 
and thence by a fixed miiror to tho scale on the wall, wher^ it comes 
to a focus. If tho mirror on tho table were plane, tho whhle move- 
ment of the light would be only about eight inches, but theWirror is 


♦ Dr. Lodge has Ixjen able, by an eJalxiiatc arrangeiiiruf of screens, to make 
this attraction just evidt nt to an audieiire . — C V B. 
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convex, and this magnifit's the motion nearly eight times. At the 
present moment the attracting weights are in one extreme position, 
and the line of lighl^ is quiet. I will now move them to the other 
position, and you will see the result — the light slowly begins to move, 
and slowly increases in movement. In forty seconds it will have 
acquij’ed its highest velocity, and in forty more, it will have stopped 
at 5 feet inches from the starting point, after which it will slowly 
move back again, oscillating about its new position of rest. It has 
moved up to and stopped exactly at the division indicated. 

It is not possible at this hour to enter into any calculations; I 
will only say that tho motion you have seen is the effect of a force of 
less than one ten millionth of the weight of a grain, and that with 
this apparatus I can detect a force two thousand times smaller still, 
'inhere would be no difficulty even in showing the attraction between 
two No. 5 shot. 

And now, in conclusion, I would only say that if there is any- 
thing that is good in tho experiments to which 1 have this evening 
directed your attention, exp<‘rimcnts conducted largely with sticks, 
and string amj. straw and sealing-wax, T may pcrhajis be pardoned if 
I express in'y convic^tion that in these da^s we are too apt to depart 
trom tlio simple ways of our fathers, and instead of following them, 
to fall down and w^orship the brazen imago which the instrument- 
maker hath set up. 

[C. V. B.] 

Notk — I have siuce learnt that in 1841 M. Oaudin melttid quartz 
and drew it out by hand into threads. 1 have given an abstract of 
his cxpcriiiieiits in the ‘ Electrical Bevievv ’ of July 19th. 
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The discourses at the Ro)al Institution are unique in c haracter. 
On each Friday between October and June, a well-known authority 
is invited to give a general review of his subject, and he is asked not 
to assume any expert scientific know'ledge on the part of his listeners. 
A tradition has grown up around the ‘‘Royal Institution Discourse*’ 
which is regarded as a special occasion calling for a talk distinguished 
by simplicity and clarity and, when appropriate, illustrated by 
interesting expeiimenls and demonstrations. iVlost of the discourses 
are on scientific subjects, but the arts are also represented. 

These talks piesent a broad suivey of cunent scientific thought 
and achievement. They can y the authority of the famous men who 
have given them, and at the same time they arc easy to understand. 
Their great interest provides the justification for their being published 
in the present form. No attempt has been made to select; all have 
been included because k is rare to find one tacking in interest today. 
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